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Preface 

Reliability and quality are the two most important facets of any power 
delivery system. A power distribution system is reliable if all its customers 
get interruption-free power for 24 hours a day and 365 days a year. The term 
power quality is often referred to as maintaining near sinusoidal voltage at 
the stipulated frequency of 50 or 60 Hz at the customer inlet points. It could 
be argued that maintaining voltage levels and frequency are the 
responsibility of generation. However, it will be shown in this book that 
there is no guarantee that the customers get quality power, even if the 
generation quality levels are met. 

The aim of the book is two-fold - to introduce the power quality 
problems and to discuss the solutions of some of these problems using power 
electronic controllers. To achieve these aims, we discuss the power quality 
problems and their impacts on the end users at the beginning of the book. In 
the remainder of the book we present the custom power solutions to some of 
the power quality problems. We define those devices that provide power 
electronic solutions to the power quality problems as custom power devices. 

The power quality problems in power distributions systems are not new, 
but customer awareness of these problems has increased. Similarly there are 
sets of conventional solutions to the power quality problems which have 
existed for a long time. However these conventional solutions use passive 
elements and do not always respond correctly as the nature of the power 
system conditions change. Custom power offers flexible solutions to 
many power quality problems. 

In recent times, the issues involved with power quality issues and custom 
power solutions have generated a tremendous amount of interest amongst 
power system engineers. This is reflected by a large number of publications 
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in IEEE Transactions on Power Delivery and Industry Applications and 
other journals like Proceedings of lEE, Electric Power System Research etc. 
Also power quality and customer power are regularly discussed in IEEE and 
CIGRE conferences. From this point of view, we hope that this book will be 
able to provide an insight into these two very important aspects. It is 
however to be remembered that every book represents the viewpoint of the 
authors and cannot be treated as the final word on the subject. We shall 
therefore be delighted if this book generates increased research and 
development in custom power devices and their application. 

A large number of numerical examples are presented in the book. Many 
softwares are commercially available for simulating power electronic 
circuits. We have found that Manitoba HYDC Research Center's 
EMTDC/PSCAD is a very useful tool for simulating power systems and 
related power electronic circuits. Also for system level simulations using 
mathematical models, MATLAB, a product of Math Works Inc., is most 
suitable. The advantage of using MA TLAB is that complex control 
algorithms can easily be incorporated in the models. All the simulation 
results that are presented in this book have been prepared using either of 
these two packages. 

The book is organized in twelve chapters. In Chapter 1 we introduce the 
concepts of power quality and custom power solutions. Some of the flexible 
ac transmission systems (FACTS) devices are also discussed in this chapter 
as they can be considered as precursors to the custom power devices. We 
also introduce the concepts of distributed generation and grid 
interconnection. 

In Chapter 2 we discuss power quality terms and their definitions. We 
also discuss the impacts of poor power quality on the end users. 

Chapter 3 presents the analysis and indices of the power quality 
problems. In this chapter we present some of the important concepts that are 
used extensively in the later chapters. Also the conventional mitigation 
methods of some of the power quality problems are presented in this chapter. 

We introduce the custom power devices in Chapter 4. These devices are 
categorized into two broad classes - network reconfiguring devices and 
compensating devices. The network reconfiguring devices include SSCL, 
SSB and SSTS, while the load compensating devices include DST ATCOM, 
DVR and UPQC. We also discuss the concept of custom power park in this 
chapter. 

Chapter 5 deals with the structure of power electronic converters and 
their controls. Since most of the custom power compensating devices are 
realized by power electronic converters, this chapter elucidates their 
topology, operating principles and control to make the book self-contained. 
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Chapter 6 discusses the topology and operating principles of the network 
reconfiguring devices and illustrates how these devices can be used to 
protect distribution systems from abnormal operations. 

Chapter 7 discusses the theory of shunt compensation. It illustrates how 
an ideal shunt compensator can be used for load balancing, power factor 
correction and active filtering. Most emphasis is given to discussing the 
theory behind instantaneous correction of disturbances, as these 
developments facilitate the generation of compensator reference currents 
based on the measurements on instantaneous currents and voltages. 

Chapter 8 deals with practical shunt compensator structures and their 
applications. It illustrates how a DST ACOM can be used in a distribution 
system for load compensation when the supply voltage is stiff or non-stiff. It 
also discusses how a DST A TCOM can be controlled to regulate the voltage 
of a power distribution bus. 

In Chapter 9 we discuss the principles of series compensation. Here we 
illustrate how a series device can regulate the voltage at a load terminal 
against sag/swell or distortion in the supply side. We also illustrate how a 
series device, in conjunction with shunt passive devices, can be used as 
active filter. 

In Chapter 10 we discuss the unified power quality conditioner. Two 
different structures of this device are discussed in this chapter along with 
their merits or demerits. 

Chapter 11 discusses the distributed generation and grid interconnection 
issues. It presents a range of issues from standards to grid friendly inverters 
to islanding. 

The book concludes in Chapter 12 where some future directions and 
opportunities in power quality enhancements are provided. 

Arindam Ghosh 
Gerard Ledwich 

July 2002 
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Chapter 1 

Introduction 

Modern day power systems are complicated networks with hundreds of 
generating stations and load centers being interconnected through power 
transmission lines. An electric power system has three separate components 
- power generation, power transmission and power distribution. Electric 
power is generated by synchronous alternators that are usually driven either 
by steam or hydro turbines. Almost all power generation takes place at 
generating stations that may contain more than one such alternator-turbine 
combinations. Depending upon the type of fuel used for the generation of 
electric power, the generating stations are categorized as thermal, hydro, 
nuclear etc. Many of these generating stations are remotely located. Hence 
the electric power generated at any such station has to be transmitted over a 
long distance to load centers that are usually cities or towns. Moreover, the 
modern power system is interconnected, i.e., various generating stations are 
connected together through transmission lines and switching stations. 
Electric power is generated at a frequency of either 50 Hz or 60 Hz. In an 
interconnected ac power system, the rated generation frequency of all units 
must be the same. For example, in the United States and Canada the 
generation frequency is 60 Hz, while in countries like United Kingdom, 
Australia, India the frequency is 50 Hz. In Japan both 50 Hz and 60 Hz 
systems operate and these systems are interconnected by HVDC links. An 
HYDC converter station converts power at 50 Hz ac to dc power at 
transmission voltage. An identical converter station converts the dc to power 
at 60 Hz ac. In this book we shall consider only 50 Hz ac systems in all the 
examples that are presented. 

The basic structure of a power system is shown in Figure 1.1. It contains 
a generating plant, a transmission system, a subtransmission system and a 
distribution system. These subsystems are interconnected through 
transformers T], T2 and T3 . Let us consider some typical voltage levels to 

A. Ghosh et al., Power  Quality  Enhancement Using  Custom Power  Devices
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2 Chapter J 

understand the functioning of the power system. The electric power is 
generated at a thermal plant with a typical voltage of 22 kV (voltage levels 
are usually specified line-to-Iine). This is boosted up to levels like 400 kV 
through transformer TJ for power transmission. Transformer T2 steps this 
voltage down to 66 kV to supply power through the subtransmission line to 
industrial loads that require bulk power at a higher voltage. Most of the 
major industrial customers have their own transformers to step down the 66 
kV supply to their desired levels. The motivation for these voltage changes is 
to minimize transmission line cost for a given power level. Distribution 
systems are designed to operate for much lower power levels and are 
supplied with medium level voltages. 

Transmission 

~f Line ~II~D--. 
Plant TJ T2 

Subtransmission 
Line 
~;";;"--"""'I 

Industrial 
Customer 

I 
I 
I 
I Distribution I 
I System I ------_ .. 

Figure 1. 1. A typical power system 

The power distribution network starts with transformer h which steps 
down the voltage from 66 kV to II kV. The distribution system contains 
loads that are either commercial type (like office buildings, huge apartment 
complexes, hotels etc) or residential (domestic) type. Usually the 
commercial customers are supplied power at a voltage level of 11 kV 
whereas the domestic consumers get power supply at 400-440 V. Note that 
the above figures are given for line-to-line voltages. Since domestic 
customers get single-phase supplies, they usually receive 230-250 V at their 
inlet points. While a domestic customer with a low power consumption gets 
a single-phase supply, both industrial and commercial consumers get three
phase supplies not only because their consumption is high but also because 
many of them use three-phase motors. For example, the use of induction 
motor is very common amongst industrial customers who run pumps, 
compressors, rolling mills etc. 

It is to be noted that the voltage levels quoted above are not standard and 
vary from one country to another. Let us consider for example the Indian 
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power system in which the generation level varies between II kY to 25 kY. 
The domestic customers get supply at 415 Y (Iine-to-line) or 240 Y (Iine-to
neutral). The distribution side voltages are either II kY or 33 kY. In some 
places the distribution voltage is 22 kY or even 6.6 kY. The subtransmission 
voltages are either 66 kV or 110 kV or 132 kV and the transmission voltages 
are 220 kY or 400 kY. A new 800 kV line has also been installed recently. 

It can therefore be seen that there are various stages between the point of 
power generation to the stage when electric power is delivered to the end 
users. The correct operation of all components of a power system is 
absolutely critical for a reliable power delivery. There are many issues 
involved here such as the maintenance of power apparatus and system, the 
stability of the system operation, the operation of power distribution system, 
faults etc. Some of these problems are power transmission related - a subject 
matter that is not treated here, as this book deals exclusively with problems 
related to power distribution systems and their solutions. 

In this chapter we shall introduce the concept of power quality and 
discuss its impact on the end users. We shall also discuss the use of power 
electronics in power system in which we shall present an overview of high 
voltage dc (HVDC) transmission and flexible ac transmission systems 
(FACTS) as they are the major areas of use. We shall then introduce the 
concept of custom power as well as power electronic systems for general 
distribution quality enhancement. 

1.1 Electric Power Quality 

Even a few years back, the main concern of consumers of electricity was 
the reliability of supply. Here we define reliability as the continuity of 
electric supply. Even though the power generation in most advanced 
countries is fairly reliable, the distribution is not always so. The transmission 
systems compound the problem further as they are exposed to the vagaries of 
Mother Nature. It is however not only reliability that the consumers want 
these days, quality too is very important to them. For example, a consumer 
that is connected to the same bus that supplies a large motor load may have 
to face a severe dip in his supply voltage every time the motor load is 
switched on. In some extreme cases, he may have to bear with blackouts. 
This may be quite unacceptable to most customers. There are also very 
sensitive loads such as hospitals (life support, operation theatre, patient 
database system), processing plants (semiconductor, food, rayon and 
fabrics), air traffic control, financial institutions and numerous other data 
processing and service providers that require clean and uninterrupted power. 
In several processes such as semiconductor manufacturing or food 
processing plants, a batch of product can be ruined by a voltage dip of very 
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short duration. Such customers are very wary of such dips since each such 
interruption cost them a substantial amount of money. Even short dips are 
sufficient to cause contactors on motor drives to drop out. Stoppage in a 
portion of a process can destroy the conditions for quality control of the 
product and require restarting of production. Thus in this changed scenario 
in which the customers increasingly demand quality power, the term power 
quality (PQ) attains increased significance. 

Transmission lines are exposed to the forces of nature. Furthermore, each 
transmission line has its loadability limit that is often determined by either 
stability considerations or by thermal limits. Even though the power quality 
problem is a distribution side problem, transmission lines often have an 
impact on the quality of power supplied. It is however to be noted that while 
most problems associated with transmission systems arise due to the forces 
of nature or due to the interconnection of power systems, individual 
customers are responsible for a more substantial fraction of the problems of 
power distribution systems. 

1.1.1 Impacts of Power Quality Problems on End Users 

The causes of power quality problems are generally complex and difficult 
to detect. Technically speaking, the ideal ac line supply by the utility system 
should be a pure sinewave of fundamental frequency (50/60 Hz). In addition, 
the peak of the voltage should be of rated value. Unfortunately the actual ac 
line supply that we receive everyday departs from the ideal specifications. 
Table 1.1 lists various power quality problems, their characterization 
methods and possible causes. 

There are many ways in which the lack of quality power affects 
customers. Impulsive transients do not travel very far from their point of 
entry. However an impulsive transient can give rise to an oscillatory 
transient. The oscillatory transient can lead to transient overvoltage and 
consequent damage to the power line insulators. Impulsive transients are 
usually suppressed by surge arresters. 

Short duration voltage variations have varied effects on consumers. 
Voltage sags (also knows as dips) can cause loss of production in automated 
processes since a voltage sag can trip a motor or cause its controller to 
malfunction. For semiconductor manufacturing industries such a loss can be 
substantial. A voltage sag can also force a computer system or data 
processing system to crash. To prevent such a crash, an uninterruptible 
power supply (UPS) is often used, which, in turn, may generate harmonics. 
The protective circuit of an adjustable speed drive (ASD) can trip the system 
during a voltage swell. Also voltage swells can put stress on computers and 
many home appliances, thereby shortening their lives. A temporary 
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interruption lasting a few seconds can cause a loss of production, erasing of 
computer data etc. The cost of such an interruption during peak hours can be 
hundreds of thousands of dollars. 

Table 1.1. Power guality Eroblems and their causes 
Broad Specific Methods of Typical Causes 
Categories Categories Characterization 

Impulsive Peak magnitude, rise Lightning strike, transformer 
time and duration energization, capacitor 

Transients switching 
Oscillatory Peak magnitude, Line or capacitor or load 

freguenc~ coml2onents switching. 
Sag Magnitude, duration F erroresonant transformers, 

Short single line-to-ground faults 
duration Swell Magnitude, duration Ferroresonant transformers, 
voltage single line-to-ground faults 
variation Interruption Duration Temporary (self-clearing) 

faults 
Undervoltage Magnitude, duration Switching on loads, capacitor 

Long deenergization 
duration Overvoltage Magnitude, duration Switching off loads, capacitor 
voltage energization 
variation Sustained Duration Faults 

interruEtions 
Voltage Symmetrical Single-phase loads, single-
imbalance coml2onents I2hasing condition 

Harmonics THO, Harmonic Adjustable speed drives and 
spectrum other nonlinear loads 

Waveform Notching THO, Harmonic Power electronic converters 
distortion sl2ectrum 

DC offset Volts, Amps Geo-magnetic disturbance, 
half-wave rectification 

Voltage 
Frequency of Arc furnace, arc lamps 

flicker 
occurrence, modulating 
freguency 

The impact of long duration voltage variations is greater than those of 
short duration variations. A sustained overvoltage lasting for few hours can 
cause damage to household appliances without their owner knowing it, until 
it is too late. The undervoltage has the same effect as that of a voltage sag. In 
the case of a sag the termination of process is sudden. But normal operation 
can be resumed after the normal voltage is restored. However in the case of a 
sustained undervoltage, the process cannot even be started or resumed. A 
sustained interruption is usually caused by faults. Since the loss to customers 
due to any sustained interruption can be in the order of millions of dollars, it 
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is necessary for the utility to have a good preventive maintenance schedule 
and to have agreements or regulations to encourage high supply reliability. 

Voltage imbalance can cause temperature rise in motors and can even 
cause a large motor to trip. Harmonics, dc offset and notching cause 
waveform distortions. Harmonics can be integer multiples of fundamental 
frequency, fractions of the fundamental frequency (subharmonics) and at 
frequencies that are not integer multiples of the fundamental frequency 
(interharmonics). Unwanted harmonic currents flowing through the 
distribution network can causes needless losses. Harmonics also can cause 
malfunction of ripple control or traffic control systems, losses and heating in 
transformers, electromagnetic interference (EMI) and interference with the 
communication systems. Ripple control refers to the use of a 300Hz to 
2500Hz signal added to distribution lines to control switching of loads such 
as hot water heaters or street lighting. Interharmonic voltages can upset the 
operation of fluorescent lamps and television receivers. They can also 
produce acoustic noise in power equipment. DC offsets can cause saturation 
in the power transformer magnetic circuits. A notch is a periodic transient 
that rides on the supply voltage. It can damage capacitive components 
connected in shunt due to high rate of voltage rise at the notches. 

Voltage flickers are caused by arc discharge lamps, arc furnaces, starting 
of large motors, arc welding machines etc. Voltage flickers are frequent 
variations in voltage that can cause the light intensity from incandescent 
lamps to vary. This variation is perceived as disturbing by human observers, 
particularly in the range of 3 to 15 times per second. The voltage flicker can 
have adverse effects on human health as the high frequency flickering of 
light bulbs, fluorescent tubes or television screen can cause strain on the eyes 
resulting in headaches or migraines. The voltage flicker can also reduce the 
life span of electronic equipment, lamps etc. 

We can therefore conclude that the lack of standard quality power can 
cause loss of production, damage of equipment or appliances or can even be 
detrimental to human health. It is therefore imperative that a high standard of 
power quality is maintained. This book will demonstrate that the power 
electronic based power conditioning devices can be effectively utilized to 
improve the quality of power supplied to customers. 

1.1.2 Power Quality Standards 

Geneva based International Electrotechnical Commission (lEC) and 
Institute of Electrical and Electronic Engineers (IEEE) have proposed 
various power quality standards. A review of various standards is given in 
[1]. Table 1.2 lists some of these standards that are given in [1]. We shall 
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discuss the indices for the measurements of the various power quality 
components in Chapter 3. 

Table 1.2. Some power quality standards of IEC and IEEE 
Phenomena Standards 
Classification of power quality IEC 61000-2-5: 1995 [2], IEC 61000-2-1: 1990 [3] 

IEEE 1159: 1995 [4] 
Transients IEC 61000-2-1: 1990 [3], IEEE c62.41: (1991) [5] 

IEEE 1159: 1995 [4J, IEC 816: 1984 [6J 
Voltage sag/swell and IEC 61009-2-1: 1990 [3J, IEEE 1159: 1995 [4] 
interruptions 
Harmonics 

Voltage flicker 

IEC 61000-2-1: 1990 [3], IEEE 519: 1992 [7] 
IEC 61000-4-7: 1991 [8] 

IEC 61000-4-15: 1997 [9] 

1.1.3 Power Quality Monitoring 

Power quality variations are classified as either disturbances or steady 
state variations [4]. Disturbances pertain to abnormalities in the system 
voltages or currents due to fault or some abnormal operations. Steady state 
variations refer to rms deviations from the nominal quantities or harmonics. 
In general these are monitored by disturbance analyzers, voltage recorders, 
harmonic analyzers etc. However with the advancement in the computer 
technology, better, faster and more accurate instruments can now be 
designed for power quality monitoring and analysis. 

The input data for any power quality monitoring device is obtained 
through transducers. These include current transformers, voltage 
transformers, Hall-effect current and voltage transducers etc. Disturbance 
analyzers and disturbance monitors are instruments that are specifically 
designed for power quality measurements [10]. There are two categories of 
these devices - conventional analyzers and graphics-based analyzers. 
Conventional analyzers provide information like magnitude and duration of 
sag/swells, under/overvoltages etc. Graphic-based analyzers are equipped 
with memory such that the real-time data can be saved. The advantage of 
this device is that the saved data can be analyzed later to determine the 
source and cause of the power quality problems. In addition, these analyzers 
can also graphically present the real-time data. 

Harmonic data is analyzed with the help of harmonic or spectrum 
analyzers, which can graphically display harmonic data. These are usually 
digital signal processor (DSP) based data analyzers that can sample real-time 
data and then perform fast Fourier transform (FFT) to determine the 
amplitudes and phase angles of the harmonic components. These analyzers 
can simultaneously measure the voltage and currents such that harmonic 
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power can be computed [10]. They can also sample the signals at a very high 
rate such that harmonics up to about 50th order can be determined. Also note 
that the magnitudes of the higher order harmonics are typically much smaller 
than the magnitudes of the lower order harmonics. Therefore for the signal 
conversion and detection ofthe higher order harmonics, these analyzers have 
built-in high-resolution analog to digital converters. 

Currently, dedicated power quality measuring instruments are 
manufactured that can combine both the functions of harmonic and 
disturbance measurements. These are graphical instruments that can also 
transmit data over telephone lines [\ 0]. 

Flicker monitoring is done through IEC flickermeter [I, 9]. These meters 
measure the instantaneous flickering voltage. This is called the instantaneous 
flicker level (IFL). The recorded IFL is then stored and statistical operations 
on these data are performed to determine short term (10 min) flicker severity 
index and long term flicker severity index. 

1.2 Power Electronic Applications in Power 
Transmission Systems 

The application of power electronics to power systems has a long 
tradition. It started with bulk power transmission through high voltage direct 
current (HYDC) transmission. Static var compensator (SVC) systems were 
employed later for reactive compensation of power transmission lines. 
Subsequently, devices like thyristor controlled series compensator (TCSC), 
thyristor controlled phase angle regulator (TCPAR), static compensator 
(STATCOM), static synchronous series compensator (SSSC), unified power 
flow controller (UPFC) were proposed and installed under the generic name 
of flexible ac transmission systems (FACTS) controllers [II]. Since most of 
these devices are the predecessors to the power quality enhancement devices, 
we briefly review them below. 

1.2.1 HVDe Transmission 

The schematic diagram of a double-poled HYDC transmission system is 
shown in Figure 1.2, in which only the rectifier side is shown. This contains 
two pairs of converters - one for the positive pole and the other for the 
negative pole. The converters are realized by thyristors. These two 
converters are supplied from the three-phase ac side through two 
transformers. Also at the point of coupling of the ac system and the dc 
system, tuned ac filters are provided such that harmonics generated by the 
converter are prevented from entering the ac system. On the dc side a 
smoothing inductor L, is connected to the output of each converter to smooth 
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the ripples in the dc current and dc filters are also provided to cancel 
harmonics from traveling down the dc transmission line. Figure 1.2 shows 
only one side of the line - the same configuration is repeated on the other 
end of the line, except that the converters at the other end inverts the power 
back to ac. The direction of the power transfer can be reversed as \;VeIl by 
changing the operating principle of the converters. All practical HYDe 
converters are 12-pulse or higher. A 12-pulse converter is realized by 
connecting two 6-pulse converters through phase shifting transformers. For 
more details on HYDe transmission refer to [12,13]. 

~::::;--- - -, 
I 

I 
I 

DC Line 
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\ 
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h,';;;~-- --~ 
L, 

Figure 1.2. A double-poled HVDe transmission system 

1.2.2 HVDe Light 

HYDe light is the recent addition to HYDe technology that uses 
Insulated Gate Bipolar Transistors (IGBTs). These IGBTs are used to realize 
voltage source converters. The converter switches are operated in high-speed 
pulse width modulation to obtain a better control bandwidth. Also associated 
with HYDe light are extruded polymer cables suitable for direct current 
transmission [14]. By changing the PWM pattern of the converter, it is 
possible to almost instantaneously create any phase angle or amplitude of 
voltage for connection to the ac system. The use of PWM offers the 
possibility of controlling both active and reactive power independently. 
HYDe light uses cables that can be buried under the ground by a plowing 
tractor. Unlike the overhead lines, the cables are not subjected to storms, 
snow and ice and there is not right of way problem either. It is therefore 
claimed that the HYDe light is a technology for the future dc transmission. 

In Australia a 180 MY A HYDe light project interconnects the 
Queensland and New South Wales networks through a cable length of 65 
km. Through this interconnection, any capacity shortage in Queensland can 
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be offset by the surplus capacity in New South Wales without the risk of 
endangering the system stability. 

1.2.3 Static Var Compensator (SVC) 

There are two main building blocks for SVCs - thyristor switched 
capacitor and thyristor controlled reactor. In a thyristor switched capacitor 
(TSC), a capacitor is connected in series with two opposite poled thyristors 
as shown in Figure 1.3 (a). Current flows through the capacitor when the 
opposite poled thyristors are gated. The current through the device can be 
stopped by blocking the thyristors . To achieve controlled reactive power a 
TSC always comes in a group as shown in Figure 1.3 (b). The effective 
reactance of the group can be changed by switching a TSC on or off. For 
example let us assume that four identical TSCs, each having a capacitance 
value C, are connected in parallel. Then the equivalent reactance when all 
the TSCs are gated is given by 

x . I 
eq =-j--

4wC 

Similarly when one TSC is switched off, the equivalent reactance drops to be 
equal to - jl/(3 w C). Thus the effective reactance of the device is given by 
- jl/(nw C), n = 0, ". , 4. 

r - -.1- -, 
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Figure 1.3. (a) Schematic diagram ofa TSC and (b) mUltiple TSC connection 

One of the main issues while using a TSC is switching transients. Since a 
TSC blocks current through it when the thyristors are blocked and allows it 
to pass when the thyristors are gated, it is obvious that severe switching 
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transients will occur if a TSC is switched off while the current through it is 
not zero. Similarly, the device must be switched on at a particular instant of 
the voltage cycle. The transient free switching can be obtained when the 
voltage across a capacitor is in either its positive peak or negative peak such 
that the current through the capacitor is zero [15]. 

In a thyristor controlled reactor (TCR), a reactor is connected in series 
with two opposite poled thyristors. One of these thyristors conducts in each 
positive half cycle of the supply frequency, while the other conducts in the 
corresponding negative half cycle. The schematic diagram of a TCR 
connected to an ac voltage source is shown in Figure 104. The gating signal 
to each thyristor is delayed by an angle a (often called the firing or 
conduction angle) from the zero crossing of the source voltage. This is 
shown in Figure 1.5 in which typical voltage-current waveforms in the 
steady state are also shown. The conduction angle must be in the range 90° :::; 
a:::; 180°. For a conduction angle of a = 90°, the current waveform wi II be 
continuous and for an angle of a= 180°, the current will be zero. 

,------------1 
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i, TCR 
l ____________ 1 

+ v -.1 

Figure 1.4. Schematic diagram ofa TCR 

A practical SVC circuit often contains both TSC modules and TCR as 
shown in Figure 1.6. In addition to them the SVC also contains tuned filters 
to suppress harmonic current from flowing into the ac system. Additionally 
there are firing and control circuits which are not shown in this figure. The 
SVC is connected in shunt to an ac line through a step down transformer. 
Through reactive power injection, the SVC can regulate the voltage of the ac 
bus. For line power and voltage modulation, the SVC is placed in the middle 
of a transmission line. There are several advantages of such a placement and 
these are listed in [16]. SVCs placed close to loads can be very effective in 
providing voltage support, thereby avoiding voltage instability. 
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Figure 1.5. Steady state voltage-current waveforms ofTeR 
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= 

Figure I. 6 SVC connected to an ac network 

1.2.4 Thyristor Controlled Series Compensator (TCSC) 

The schematic diagram of a TCSC compensated single machine, infinite 
bus (SMIB) power system is shown in Figure 1.7. The TCSC here contains 
an ac capacitor that is connected in parallel with a TCR. Because of this 
topology, this configuration is sometimes called a fixed capacitor-thyristor 
controlled reactor (FC-TCR). It is to be noted that since this is a series 
compensation device, its placement is not that crucial and it can be placed 
anywhere along the line. 

Let us denote the voltage across the fixed capacitor as Vc and the current 
through the TCR as Ip. Then the voltage-current characteristic of the device 
is shown in Figure 1.8. As shown in this figure, the firing is delayed by an 
angle a from the zero crossing of the capacitor voltage. The equivalent 
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reactance of the parallel combination of a TCR with a fundamental reactance 
of XL( a) and a capacitance with a reactance of Xc is given by 

1- - - - - - --I 
1 L I 

Gen 1 

Transmission 1 1 

Line lei 

I FC-TCR 1 ... _-----_ ... 

Figure 1.7. TCSC compensated SMIB system 
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Figure 1. 8. Voltage-current characteristics of a TCSC 

It can be seen from the above equation that by varying XL( a), the 
reactance Xeq( a) can be made inductive or capacitive. Then as in the case of 
TCR discussed in Section 1.2.3, Xeq(a) will vary as a changes from 90° to 
180°. The operation of the TCSC will be capacitive when a is closer to 180°. 
Again when the value of a is just above 90° the operation of the TCSC will 
be inductive. In between, depending on the values of Land C chosen, the 
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value of Xeq will be excessively large as the TCR and capacitor will go 
through a fundamental frequency resonance. 

There are many ways of computing the fundamental frequency reactance 
of Xeq( a) [17,18]. A typical plot of the fundamental frequency reactance of 
the TCSC as a varies is shown in Figure l.9. For this Xc is chosen as 0.5 per 
unit and XL is chosen as 0.1667 per unit. In this figure the zone between the 
inductive and the capacitive regions is the resonance zone and the TCSC is 
never operated in this zone. 

~4~~~-~ 
:l 2 
Cii Inductive Zone j .,9; 
Q) 
o 
c: 0 
fl 
ro 
Q) 

0::: 
lij-2 
c: 
Q) 

E 
ro 
-g-4 
:l 
u.. 

Capacitive Zone 

-6 ~"-C1-=-OO:C---~----C12'-::0~~~--140--- -~16~O

Firing Angle (deg) 
180 

Figure {9" Variation in the fundamental reactance ofa TCSC with a 

1.2.5 Static Compensator (STATCOM) 

This is a shunt device that does not require passive elements like 
inductors and capacitors. The schematic diagram of a SMIB power system 
that is compensated by a shunt compensator is shown in Figure 1.10. The 
STATCOM is built around a voltage source inverter, which is supplied by a 
dc capacitor. The inverter consists of GTO switches which are turned on and 
off through a gate drive circuit. 

The output of the voltage source inverter is connected to that ac system 
through a coupling transformer. The inverter produces a quasi sinewave 
voltage Vo at the fundamental frequency. Let us assume that the losses in the 
inverter and the coupling transformer are negligible. The inverter is then 
gated such that the output voltage of the inverter Vo is in phase with the local 
bus voltage v,,,. In this situation two ac voltages that are in phase are 
connected together through a reactor, which is the leakage reactance of the 
coupling transformer. Therefore the current ['I is a purely reactive. If the 
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magnitude of the voltage Vm is more than that of the voltage Vo, the reactive 
current Iq flows from the bus to the inverter. Then the inverter will consume 
reactive power. If, on the other hand, the magnitude of Vo is greater than that 
of Vm, then the inverter feeds reactive power to the system. Therefore 
through this arrangement the ST A TeOM can generate or absorb reactive 
power. In practice however the losses are not negligible and must be drawn 
from the ac system. This is accomplished by slightly shifting the phase angle 
of the voltage Vo through a feedback mechanism such that the de capacitor 
voltage is held constant. 

@l----llIml VITI lmn_----I@ 
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Figure 1.10. A ST A TeOM connected to an SMIB power system 

The structure of the GTO-based VSI must be so chosen that the lower 
order harmonics are eliminated from the output voltage. The VSI will then 
resemble a synchronous voltage source. Because the switching frequency of 
each GTOs must be kept low, overall switch ripple needs to be kept low 
without use of PWM. This is accomplished by connecting a large number of 
basic inverter modules. The construction of a 48-step voltage source inverter 
is discussed in [19]. In this inverter, eight identical elementary 6-step 
inverters are operated from a common dc bus. Each of these 6-step inverters 
produces a compatible set of three-phase, quasi-square wave output voltage 
waveforms. The outputs of these 6-step inverters are added through a 
magnetic circuit that contains eighteen single-phase three winding 
transformers and six single-phase two winding transformers. This connection 
eliminates all low-order harmonics. The lowest order harmonic on the ac 
side is 47th while that on the dc side is 48th . The line-to-line output voltage of 
the 48-step inverter is shown in Figure 1.11 along with the fundamental 
voltage. It can be seen that the output is a stepped approximation of the 
fundamental sinewave. The construction of a multilevel synchronous voltage 
source is given in [20]. 



16 

2: 
Qj 

~ 0 
"0 
> "Fundamental Waveform 

-5ooo'--------~~-0-0-0-5---0~01--~-0-0-15~ -- 0-02 

Time (s) 

Figure 1.11. The line-to-line output voltage of a 48-step inverter 

1.2.6 Static Synchronous Series Compensator (SSSC) 

Chapter 1 

The static synchronous series compensator is a series device in which a 
synchronous voltage source injects a fundamental frequency voltage in series 
with the transmission line. The synchronous voltage source is realized by a 
multilevel or multi-step voltage source inverter as shown in Figure 1.12. 
Since this is a series device, it can be placed anywhere along the 
transmission line. Ideally the inverter is operated in quadrature with the line 
current such that the voltage source either behaves like an inductor or a 
capacitor. In this mode the inverter does not consume or generate any real 
power. However, in a practical circuit the inverter losses must be replenished 
by the ac system and hence a small phase lag is introduced for this purpose. 
There are two modes of operation of this device - one in which the injected 
voltage is proportional to the line current and the other in which the injected 
voltage is independent of the line current. These modes and their respective 
power-angle curves are given in [21]. The non-capacitor like behavior and 
the superior operating characteristics makes this device very attractive for 
power transmission application. The main limitation of application is due to 
the losses and cost of the converter. 

1.2.7 Unified Power Flow Controller (UPFC) 

The schematic diagram of a UPFC is shown in Figure 1.13. This contains 
two voltage source inverters that are connected together through a dc link 
capacitor. There are three different ways of operating the UPFC - as a shunt 
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controller, as a series controller and also as phase angle regulator. The main 
quoted use is for control of power flow when there are alternate paths with 
different ratings. The operating characteristics of UPFC are given in [22,23]. 
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Figure 1.12. An SSSC compensated power system 
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Figure 1.13. Schematic diagram of a UPFC 

1.2.8 Other FACTS Devices 

In addition to the ones mentioned above, there are other power electronic 
controllers that are members of the FACTS family. One such device is the 
thyristor controlled braking resistor (TCBR) [24]. A power transmission line 
has a largely reactive impedance. Thus the power transmitted from a remote 
generator over the line reduces drastically during a fault and this causes the 
acceleration in the generator rotor angle. A TCBR is connected at the 
generator terminals. It is switched on once a fault is detected thereby 



18 Chapter 1 

allowing an amount of real power to be dissipated in the resistor during the 
fault. It therefore restricts the machine acceleration. Even though this device 
does not enhance the power transfer, it increases the system stability limits. 
Therefore a generator can operate at a higher steady state load angle which 
enhances the power transfer capability. 

A thyristor controlled phase angle regulator (TCPAR) injects voltage in 
series with a transmission line. As opposed to an SSSC which injects voltage 
in quadrature with the line current, the TCPAR injects voltage in quadrature 
with the line voltage [25]. Therefore by adjusting the magnitude of the 
injected voltage, the phase angle between the sending end and receiving end 
voltages can be adjusted. Like a TCBR, the TCPAR also does not increase 
the transmittable power through a transmission line. However it increases the 
stability limits of the power transfer allowing the system to operate at a 
higher power angle provided the thermal limit is not reached. 

An interline power flow controller (IPFC) is a FACTS controller 
proposed for providing flexible power flow control in a multi-line power 
system. In the interline power flow control scheme, two more parallel lines 
are compensated by SSSc. These SSSCs are connected to a common dc link. 
Thus the SSSCs can provide series compensation to the line to which they 
are connected. In addition, they can also transfer real power between the 
compensated lines. This capability makes it possible to equalize both real 
and reactive power between the lines, to transfer power from an overloaded 
line to an underloaded line and to damp out system oscillations resulting 
from a disturbance [26]. 

1.3 Power Electronic Applications in Power Distribution 
Systems 

The flexible ac transmission technology allows a greater control of power 
flow. Since these devices provide very fast power swing damping, the power 
transmission lines can be securely loaded up to their thermal limits. In a 
similar way power electronic devices can be applied to the power 
distribution systems to increase the reliability and the quality of power 
supplied to the customers. The technology of the application of power 
electronics to power distribution system for the benefit of a customer or 
group of customers is called Custom Power (CP) since through this 
technology the utilities can supply value-added power to these specific 
customers [27]. Other applications of power electronics are to improve the 
power quality to general customers in a region. 

Custom power provides an integrated solution to the present problems 
that are faced by the utilities and power distributors. Through this 
technology the reliability of the power delivered can be improved in terms of 
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reduced interruptions and reduced voltage variations. The proper use of this 
technology will benefit all the industrial, commercial and domestic 
customers. In this book we shall discuss this technology and its implication 
to the customers. 

The custom power devices are basically of two types - network 
reconfiguring type and compensating type. The network reconfiguring 
equipment can be GTO based or thyristor based. They are usually used for 
fast current limiting and current breaking during faults. They can also 
prompt a fast load transfer to an alternate feeder to protect a load from 
voltage sag/swell or fault in the supplying feeder. The following devices are 
members of the family of network reconfiguring devices: 

I. Solid State Current Limiter (SSCL): This is a GTO based device that 
inserts a fault current limiting inductor in series with the faulted circuit as 
soon the fault is detected. The inductor is removed from the circuit once 
the fault is cleared. 

2. Solid State Circuit Breaker (SSCB): This device can interrupt a fault 
current very rapidly and can also perform auto-reclosing function. This 
device, based on a combination of GTO and thyristor switches, is much 
faster than its mechanical counterpart and is therefore an ideal device for 
custom power application. 

3. Solid State Transfer Switch (SSTS): This is usually a thyristor based 
device that is used to protect sensitive loads from sag/swell. It can 
perform a sub-cycle transfer of the sensitive load from a supplying feeder 
to an alternate feeder when a voltage sag/swell is detected in the 
supplying feeder. An SSTS can also be connected as a bus coupler 
between two incoming feeders. 

The compensating devices are used for active filtering, load balancing, 
power factor correction and voltage regulation. The active filters, which 
eliminate the harmonic currents, can be connected in both shunt and series. 
However, the shunt filters are more popular than the series filters because of 
greater ease of protection. Some of these devices are used as load 
compensators, i.e., in this mode they correct the unbalance and distortions in 
the load currents such that compensated load draws a balanced sinusoidal 
current from the ac system. Some others are operated to provide balanced, 
harmonic free voltage to the customers. The family of compensating devices 
has the following members: 

1. Distribution ST A TCOM (DST A TCOM): This is a shunt connected 
device that has the same structure as that of a ST A TCOM shown in 
Figure 1.10. This can perform load compensation, i.e., power factor 
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correction, harmonic filtering, load balancing etc. when connected at the 
load terminals. It can also perform voltage regulation when connected to 
a distribution bus. In this mode it can hold the bus voltage constant 
against any unbalance or distortion in the distribution system. It is 
however to be noted that there is a substantial difference in the operating 
characteristics of a ST A TCOM and a DST ATCOM. The ST A TCOM is 
required to inject a set of three balanced quasi-sinusoidal voltages that 
are phase displaced by 120°. However the DSTATCOM must be able to 
inject an unbalanced and harmonically distorted current to eliminate 
unbalance or distortions in the load current or the supply voltage. 
Therefore its control is significantly different from that of a ST A TCOM. 

2. Dynamic Voltage Restorer (DVR): This is a series connected device that 
has the same structure as that of an SSSC shown in Figure 1.12. The 
main purpose of this device is to protect sensitive loads from sag/swell, 
interruptions in the supply side. This is accomplished by rapid series 
voltage injection to compensate for the drop/rise in the supply voltage. 
Since this is a series device, it can also be used as a series active filter. 
Even though this device has the same structure as that of an SSSC, the 
operating principles of the two devices differ significantly. While the 
SSSC injects a balanced voltage in series, the DVR may have to inject 
unbalanced voltages to maintain the voltage at the load terminal in case 
of an unbalanced sag in the supply side. Furthermore when there is a 
distortion in the source voltage, the DVR may also have to inject a 
distorted voltage to counteract the harmonic voltage. 

3. Unified Power Quality Conditioner (UPQC): This has the same structure 
as that 'of a UPFC shown in Figure 1.13. This is a very versatile device 
that can inject current in shunt and voltage in series simultaneously in a 
dual control mode. Therefore it can perform both the functions of load 
compensation and voltage control at the same time. As in the case of 
DST ATCOM or DVR, the UPQC must also inject unbalanced and 
distorted voltages and currents and hence its operating characteristics are 
different than that of a UPFC. 

One example of how the power electronic based custom power devices 
can protect a sensitive load is given in [27]. Consider the distribution system 
given in Figure l.l4. This contains a sensitive load in addition to other 
regular loads. The loads are supplied by two independent incoming feeders 
A and B. Normally the SSTS is connected such that the sensitive load is 
supplied by the feeder A and the other regular loads are supplied by the 
feeder B. Therefore any fault upstream or downstream in Feeder-B does not 
affect the sensitive load. For a fault upstream in Feeder-A, the solid state 
circuit breaker 1 opens and the sensitive load is transferred to Feeder-B in 



1. Introduction 21 

less than a cycle by the SSTS. In the same way, the sensitive load can also 
be transferred to Feeder-B in case of voltage sag/swell in feeder A. Also the 
voltage of the sensitive load can be regulated by a DST A TCOM. This 
DSTA TCOM can eliminate any fluctuation in the load terminal voltage. In 
case of a fault at the distribution bus, the SSCB 2 opens to isolate the fault 
quickly and the DST ATCOM supplies power to the load. However this can 
only be a temporary arrangement as a DST A TCOM has that much stored 
energy to ride through during a fault. Once the mechanical breakers clear the 
fault and SSCB 2 is closed, the sensitive load starts getting its supply from 
the feeder. The dc capacitor of the DST A TCOM then gets charged by 
absorbing power from the feeder. 

B 

Sensitive 
Load 

---.To Other 

Mechanical Breakers 

Regular 
Loads 

Figure 1.14. A hypothetical distribution system equipped with custom power devices 

High quality power to commercial customers can be supplied using the 
various custom power devices in a custom power park [28]. Such a park gets 
its supply from two incoming feeders that are coupled by a solid state 
transfer switch. Every consumer of this park must pay a premium tariff for 
the electricity consumption. Moreover there will be gradation in the price 
structure depending upon the service they are provided with. For example 
the lowest grade consumers will get almost uninterrupted supply. Their 
supply is guaranteed unless there is a catastrophic failure in which both 
incoming feeders are lost. The next higher grade customers are supplied 
power through a diesel-generator set when both incoming feeders are lost. 
Therefore they get almost uninterrupted power except for the time required 
to start up the diesel generator. Even higher grade customers, in addition to 
the services provided to the lower grade customers can have the benefit of a 
DST ATCOM or DVR or even a UPQC. Their power will be totally 
uninterrupted, as these compensating devices have to ability to provide the 
ride through during the start up time of the diesel generator set. Furthermore, 
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the highest grade customer will also get supply voltages that are free from 
harmonics or unbalance due to the presence of the compensating devices. 

1.4 Distributed Generation 

Throughout the last century and in the present, the size of generating 
plants has been increasing. A new trend however is emerging currently, in 
which significantly smaller sized generating units are being connected at the 
distribution level. Some of the factors that contribute to this trend are listed 
below. 

- Greenhouse gas issues have become very significant in many countries to 
consider dispersed energy sources such as solar, wind and wave that 
operate with smaller sized units. 

- Local generating units using gas microturbines are becoming more 
economical when the transmission and distribution overheads are taken 
into account. Fuel cells are still more expensive but have been showing 
great promise for low cost reliable small size generation units. 

- Even though solar cells currently require a very large area and substantial 
investments, they can be used for power in large office buildings during 
business hours. 

- The move to open competitive markets in electricity has increased the 
uncertainties of supply. A notable example is the Californian market in 
2000/2001 where customers saw increased cost of energy and rolling 
blackouts. In response to this uncertainty of central supply there was a 
massive increase in demand for back-up generation with the possibility of 
generation back into the grid when conditions suited. 

- In medium sized industrial plants or large buildings with a significant 
heating load, co-generation is becoming more attractive. The local 
generation of electricity also provides waste heat that can supply much of 
the heating needs of the local processes. 

The following means are used for distributed generation [29,30] 

- Reciprocating Piston Engine Generators: These are the most popular 
types of distributed generation (DG) units that are used world wide. The 
size of these units varies between 5 kW to 25 MW. These units run on 
fossil fuels like petrol (or gasoline) or diesel and run the alternator at low 
speeds. Even though diesel is the most popular form of fuel for these sets, 
its use in these units increases the environmental pollution. Therefore 
either these units are placed in sparsely populated areas or their exhausts 
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are treated to extract the harmful gases. Preferably both these methods 
should be used. 

- Gas Turbine Generators: Combustible gases rotate the turbines of these 
generators. Note that the same technology is used for large alternators of 
capacity 500 MW or more. However for DG smaller alternators in the 
mini and micro range are used. These turbines produce hot exhaust gases. 
These gases can be trapped for cogeneration purposes or for non-electric 
use. 

- Fuel Cells: These are like chemically powered batteries that produce dc 
currents by converting chemical energy of an electrolyte into electricity. 
A typical fuel cell requires both gaseous fuels and oxidants. The most 
preferred gaseous fuel is hydrogen because it is highly reactive and does 
not require much catalytic agents. Electricity is produced when the 
hydrogen fuel reacts with an oxidant like oxygen. The byproduct in this 
case is water. Such a fuel cell is ideal from the environmental point of 
view and it is expected that this will be used by the automobile industry 
in the near future. 

- Renewable Energy: A vast majority of the energy sources that are already 
available on our earth is not tapped because the technology has not 
advanced enough to harvest them at a reasonable cost. These energy 
sources include solar, geothermal, wind wave and tidal. The biggest 
challenge of the 21 51 century is to utilize these abundant resources in an 
environmentally friendly way. The various renewable energy conversion 
options that already exist are solar thermal power generation or solar 
pond by trapping solar energy through reflectors, photovoltaics cells to 
convert solar energy into electricity, windfarms to utilize wind at the 
seashores to run wind turbines, geothermal power generation through the 
trapped energy under the ground etc. In addition to these energy can also 
be trapped from the oceans through wave, tidal or ocean currents. 
However significant investment in research and development is required 
to reach the stage when all or some of the above-mentioned processes 
become viable for the production of inexpensive electricity. 

This expansion of distributed generation has the potential to significantly 
change the nature of the distribution system and the associated power quality 
issues. 
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Chapter 2 

Characterization of Electric Power Quality 

The term electric power quality broadly refers to maintaining a near 
sinusoidal power distribution bus voltage at rated magnitude and frequency. 
In addition, the energy supplied to a customer must be uninterrupted from 
the reliability point of view. It is to be noted that even though power quality 
(PQ) is mainly a distribution system problem, power transmission systems 
may also have an impact on the quality of power. This is because the modern 
transmission systems have a low resistance to reactance ratio, resulting in 
low system damping. Usually, a well-designed generating station is not a 
source of trouble for supplying quality power. The generated system 
voltages are almost perfectly sinusoidal. Moreover in many cases the utilities 
operate with a spinning reserve which ensures that the generating capability 
remains more than the load may demand. In some cases, a temporary 
shortfall in generation is overcome by reducing the peak of the generated 
voltage to reduce power consumption. 

As mentioned above the PQ problems start with transmission systems. In 
order to transmit power over a long distance, the generated voltage is 
stepped up by transformers. However, this high voltage transmission has its 
own problem due to corona and other losses. These high voltage lines are 
hung overhead between two tall transmission towers. Near the towers, they 
are supported by long porcelain insulators that are connected to steel towers. 
The towers and the lines are exposed to nature. Therefore they are ideal 
targets for lightning strikes that cause spikes in the transmitted voltage. 
Moreover, high wind may cause two sagging transmission lines to come near 
each other causing arcing, momentary transients in voltages or voltage 
sag/swell. Flashover is a typical problem of dusty and arid regions. Usually 
the insulators in these regions are covered with dust for most part of the year, 
especially after a dust storm. A few droplets of water from a light shower or 
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mist can mix with the dust to form a conductive path. This causes a flashover 
in the conductors resulting in a voltage sag followed by a voltage swell. 

Most PQ problems occur in distribution systems. In most metropolitan 
cities, the distribution feeders run underground in the central business 
districts. In most other places the feeders run overhead. As a result these 
lines can easily come in contact with trees. Furthermore, they are likely to be 
hit by lightning or suffer from interference from birds and smaller animals. 
Moreover distribution systems feed loads directly. It is at these low voltage 
connections that the power quality becomes significantly worse. As we shall 
see later, a single customer can impose its harmonics and the effect of 
unbalanced loads on other customers. The utility has very little control over 
the loads. Furthermore, switching on of a large induction motor can cause a 
large inrush current to flow in that circuit causing a voltage dip in other parts 
of the system. In addition, some of the loads may have poor power factors 
causing unnecessary power loss in the distribution feeders. However, as we 
shall see in the later chapters, modern power electronic based systems 
provide solutions to some ofthe problems created by customers. 

Based on the above discussions, we can summarize that there are two 
different categories of causes for the deterioration in power quality. The first 
category contains natural causes such as 

- Faults or lighting strikes on transmission lines or distribution feeders. 
Falling of trees or branches on distribution feeders during stormy 
conditions. 

- Equipment failure. 

The second category contains the man made causes that may be due to load 
or feeder/transmission line operation. Some of these causes are 

Transformer energization, capacitor or feeder switching. 
Power electronic loads such as uninterrupted power supply (UPS), 
adjustable speed drives (ASD), converters etc. 
Arc furnaces and induction heating systems. 

- Switching on or off of large loads. 

Before we discuss the PQ problems, let us briefly review the terms and 
definitions used in the context of power quality. For more details, refer to the 
book by Dugan et al [1 J. Also various aspects of power quality issues are 
regularly discussed in the Electrotek Concepts' Internet site PQ Network 
[2-5] . 
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2.1 Power Quality Terms and Definitions 

The power quality standards vary between countries. However, it is 
needless to say that poor quality power affects almost all consumers. It is 
therefore important to list the terms and definitions that are used with power 
quality. In particular, we shall consider the following 

- Transients. 
- Short duration voltage variations. 
- Long duration voltage variations. 
- Voltage imbalance. 
- Waveform distortions. 
- Voltage fluctuations. 
- Power frequency variations. 

2.1.1 Transients 

A transient is that part of change in a system variable that disappears 
during transition from one steady-state operating condition to another. 
Transients can be classified into two categories - impulsive transients and 
oscillatory transients. An impulsive transient is a sudden, non-power 
frequency change in voltage, current etc that is unipolar in nature. The 
polarity of such a transient can be either positive or negative. Impulsive 
transients have a very fast rise time and also a very fast decaying time. These 
transients are mainly caused by lightning strikes. Impulsive transients 
usually do not conduct far the point of their entry into the power system. The 
distance to which an impulsive transient travels along a feeder depends on 
the particular system configuration. Let us consider the following example. 

Example 2.1: Consider the radial power system, the single-line diagram 
of which is shown in Figure 2.1. In this the source supplies two buses to 
which loads are connected. A fixed capacitor can be connected to load Bus-l 
through the switch. The system frequency is assumed to be 50 Hz and the 
peak of the supply (or source) voltage is assumed to be 1.0 per unit such that 
the instantaneous source voltage is given by the expression 1.0 sine 100m) 
per unit. The loads are assumed to be inductive. The per unit load and feeder 
impedances are given as 

Load at Bus-l = 2.0 + j1.5, Load at Bus-2 = 2.55 + jl.25 
Feeder-l impedance = 0.05 + jO.3, Feeder-2 impedance = 0.075 + JOA 

The capacitor has an admittance ofjO.0157 per unit. 
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Figure 2.1. Single-line diagram of a radial distribution system 

Let us first assume that the capacitor is not connected to Bus-I. We want 
to investigate the impact of a lightning near the supply point on the system 
voltages and currents. The voltage impulse is shown in Figure 2.2 (a). The 
resulting waveforms are shown in Figure 2.2 (b-d). It can be seen that there 
is a momentary spike in the bus voltages. However, the spike in the Bus-2 
voltage has a reduced magnitude compared to the voltage of Bus-I. The 
impact is felt on the feeder current as well. 
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Figure 2.2. System response to a voltage impulse when the capacitor is not connected 

Let us now investigate the system response to an impulsive transient 
when the capacitor of Figure 2.1 is connected to the system. This is shown in 
Figure 2.3 when the same transient as shown in Figure 2.2 (a) is applied at 
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the same location (i.e., near the source). It can be seen that the transients in 
the feeder currents and the bus voltages have a different nature in this case 
than shown in Figure 2.2. Comparing the Feeder-l current of Figure 2.2 (b) 
with that shown in Figure 2.3 (a), it can be seen that the current in this case 
has a peak of about 2.0 per unit and also undergoes a prolonged transient. 
Interestingly, Bus-l voltage in the previous case (Figure 2.2 c) has a peak of 
about 7.0 per unit while it has a peak of less than 4.0 per unit in this (Figure 
2.3 c), even though the oscillation sustains for about 3 cycles in the present 
case. Similarly, there is also a sustained oscillation in the bus 2 voltage as 
shown in Figure 2.3 (d). However, as in the previous case, the overshoot has 
reduced as we move away from the location of the impulse strike. 
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Figure 2.3. System response to a voltage impulse when the capacitor is connected 

An oscillatory transient is usually bipolar in nature. It has one or more 
sinusoidal components that get multiplied by a decaying term. A typical 
oscillatory transient is shown in Figure 2.4. These transients may have more 
than one oscillating frequency depending on the modes that get excited. For 
example, the transient of Figure 2.4 is of the form e-al(sin ClJjt + sin WJ.t). This 
transient has oscillation frequencies of 750 kHz and 700 kHz and a decaying 
time constant of2 ms. 

Oscillatory transients are classified in accordance with their frequency. 
An oscillatory transient with a primary frequency greater than 500 kHz is 
considered high frequency transients. A transient within the frequency range 
of 5 kHz to 500 kHz is considered a medium frequency transient and 
anything below 5 kHz is termed as a low frequency transient. The principal 
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cause of low frequency transient is ferroresonance and transformer 
energization [1,2]. 
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Figure 2.4. A typical oscillatory voltage transient 

Typical causes of oscillatory transients are capacitor or transformer 
energization and converter switching. Sometimes an impulsive transient 
causes an oscillatory transient. For example, consider the waveforms shown 
in Figure 2.3. Low frequency oscillation is exhibited in both voltage and 
current in this case. These oscillations are caused by the presence of the 
shunt capacitor in Bus-I. Similarly, transient oscillations are exhibited in a 
system when a capacitor is suddenly energized. For example, consider the 
distribution system of Figure 2.1. Let us assume that the system is operating 
in the steady state when the capacitor across Bus-I is suddenly connected to 
the bus by closing the switch. 

The results are shown in Figure 2.5. It is assumed that the capacitor is not 
precharged. Hence the transient behavior will depend upon the time on 
closing the switch. For example, if the switch is closed near the zero crossing 
of the bus voltage, the transient oscillation in the bus voltage and the 
capacitor current will be minimal as shown in Figure 2.5 (a) and (b). On the 
other hand, if the switch is closed near the peak of the bus voltage, there will 
be very severe oscillations in these quantities as shown in Figure 2.5 (c) and 
(d). Note that the system frequency chosen for the study is 50 Hz and the 
peak of the source voltage is 1.0 per unit. 
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Figure 2.5. Transient caused by capacitor switching 

2.1.2 Short Duration Voltage Variations 
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Any variation in the supply voltage for duration not exceeding one 
minute is called a short duration voltage variation. Usually such variations 
are caused by faults, energization of large loads that require large inrush 
currents and intermittent loose connection in the power wiring. Short 
duration variations are further classified as voltage sags, voltage swells and 
interruptions. These are shown in Figure 2.6. 
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Figure 2.6. Short duration voltage variations 
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A voltage sag is a fundamental frequency decrease in the supply voltage 
for a short duration. The duration of voltage sag varies between 5 cycles to a 
minute. Voltage sags are typically caused by system faults, but can also be 
caused by energization of heavy loads. Voltage swells are defined as the 
increase of fundamental frequency voltage for a short duration. Voltage 
swells are not as common as voltage sags. One possible reason for their 
occurrence is due to the temporary rise in the voltage of an unfaulted phase 
during a single-Iine-to-ground fault. The severity of a swell that will be 
experienced by a load depends on its proximity to the fault location, system 
impedance and grounding. Let us consider the following example. 

Example 2.2: Consider the distribution network shown in Figure 2.7. It is 
assumed that the network is supplied by a 3-phase, 33 kV, 50 Hz source with 
grounded neutral. The source is connected to a L1-Y (33 k V: II k V) 
transformer with ungrounded neutral. Each of the two feeders supplies a 
three-phase V-connected balanced RL load. The per phase system 
parameters in a I MY A base are: 

Load at Bus-2 = 2 + )2, Load at Bus-3 = 0.686 + )1.4 
Feeder-I impedance = 0.1 +)0.4, Feeder-2 impedance = 0.5 +)2 

1 
Feeder-1 

Source 

Load 

Feeder-2 

Load 

Figure 2.7. A three-bus distribution system 

With the system operating in the steady state a single-line-to-ground 
(ILG) fault has been created at Bus-2. The fault occurs after 2 cycles of 
steady state operation. The duration of the fault is 2.5 cycles. After this 
period the system is restored to its pre-fault state. The three-phase voltages 
of Bus-3 are shown in Figure 2.8. It can be seen that while the voltage of 
phase-a exhibits a voltage sag, the voltage at the other two phase swell. In 
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fact the peak of the voltage in phase-c during the swell is higher than the 
peak of the voltage in phase-b during this period. 
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Figure 2.8. Voltage sag/swell due to I LG fault 

An interruption occurs when the supply voltage (or load current) 
decreases to less than 0.1 per unit for a period of time not exceeding I 
minute. It is caused by system faults, equipment failure and control 
malfunction. The time duration of such an interruption is dependent upon the 
operating time of the protective device. 

2.1.3 Long Duration Voltage variations 

These are defined as the rms variations in the supply voltage at 
fundamental frequency for periods exceeding 1 minute. These variations are 
classified into overvoltages, undervoltages and sustained interruptions. An 
overvoltage (or undervoltage) is a 10% or more increase (or decrease) in rms 
voltage for more than 1 minute. In a weak (i.e., poor voltage regulated) 
system the switching off of a large load or the energization of a large 
capacitor bank may result in an overvoltage. An undervoltage is the result of 
an event, which is a reverse of the event that causes overvoltage. The term 
brownout is often used to describe sustained periods of undervoltage due to 
specific utility strategy to reduce power demand. When the supply voltage is 
zero for a period of time in excess of 1 minute, the long duration voltage 
variation is called sustained interruption. Human intervention is required 
during sustained interruptions for repair and restoration. 
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2.1.4 Voltage Imbalance 

This is the condition in which the voltages of the three phases of the 
supply are not equal in magnitude. Furthermore, they may not even be 
equally displaced in time. The primary cause of voltage unbalance is the 
single-phase loads in three-phase circuits. These are however restricted to 
within 5%. Severe imbalance (greater than 5%) can result during single 
phasing conditions when the protection circuit opens up one phase of a 
three-phase supply. For example consider the distribution system of Figure 
2.7. Let us consider the case in which the phase-a circuit breaker of Feeder-I 
is opened accidentally. The Bus-3 voltages are shown in Figure 2.9. It can be 
seen that while the phase-a voltage swells significantly, the voltage of phase
b sags. The magnitude of the phase-c voltage remains almost constant. 
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Figure 2.9. Voltage imbalance due to loss of a phase 

2.1.5 Waveform Distortion 

This is the steady-state deviation in the voltage or current waveform from 
an ideal sine wave. These distortions are classified as de offset, harmonics 
and notching. The major causes of dc offsets in power systems are 
geomagnetic disturbance and half-wave rectification. The offsets due to 
geomagnetic disturbances are especially severe in higher latitudes. Poor 
grounding can also result in dc offsets. The presence of a load drawing dc 
current results in a dc component of the current in the secondary of a 
distribution transformer. This current will cause a dc bias in the sinusoidal 
flux of the transformer core. The increased peak value of the flux may push 
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the transformer towards saturation. As a consequence there will be heating in 
the transformer coil and core due to excessive magnetizing current and core 
losses. One remedy for this problem is to use a larger area in the magnetic 
circuit of the transformer core to accommodate dc bias. This is usually done 
in special rectifier transformers but hardly ever in distribution transformers. 

Power electronic loads like UPS, adjustable speed drives etc usually 
cause harmonics in power system. A measure of harmonic content in a signal 
is the total harmonic distortion (THD). The percentage THD in a voltage is 
given by [6] 

(2.1 ) 

where Vn denotes the magnitude of the nth harmonic voltage and VI is the 
magnitude of the fundamental voltage. A similar expression can also be 
written for current harmonics. For example, consider the distorted waveform 
shown in Figure 2.10 (a). It contains a 50 Hz fundamental, plus 3rd, 5t\ 7th, 

9th and 11 th harmonics with their magnitudes being reciprocals of their 
harmonic numbers. Here the harmonic number implies the order of 
harmonics, i.e., 3rd harmonic has a harmonic number of 3, 5th harmonic has a 
harmonic number of 5 etc. The fundamental voltage waveform is also shown 
in Figure 2.10 (a). The harmonic spectrum of the distorted waveform IS 

shown in Figure 2.1 0 (b). From this we calculate the THO as 

Usually for good quality power it is recommended that the THO be less than 
3%. We shall however define limits of harmonic distortions in Chapter 3. 

Notching is a periodic voltage distortion due to the operation of power 
electronic converters when current com mutates from one phase to other. 
During this period there is a momentary short circuit between the two phases 
that distorts voltages. The maximum voltage during notches depends on the 
system impedance. The frequency components that are associated with 
notches are usually very high. Assume that a three-phase diode bridge 
rectifier load is supplied by a source through a feeder. The voltage of one 
phase at the terminal in which the rectifier is connected is shown in Figure 
2.11 along with the feeder (line) current in the same phase. It can be seen 
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that the voltage has two types of disturbances - one due to the current in the 
same phase while the other is at the end of commutation in some other 
phase. The notches in the phase voltage coincide with the rising or falling 
edge of the line current of the same phase in both half cycles. In addition to 
this, high frequency oscillations occur even when line current in the same 
phase is constant. These high frequency oscillations are associated with 
sudden change in output voltage due to commutation in the other phases. 
The oscillations during these disturbances and their damping are a function 
of the RC values in the snubber circuit used in the rectifier [7]. 
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Figure 2.10. (a) Distorted voltage waveform and (b) its harmonic spectrum 
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2. Characterization of Electric Power Quality 39 

2.1.6 Voltage Fluctuations 

These are systematic random variations in supply voltages. A very rapid 
change in the supply voltage is called voltage flicker. This is caused by rapid 
variations in current magnitude of loads such as arc furnaces. In an arc 
furnace, a large inrush current flows when the arc strikes first. This causes a 
dip in the voltage of the bus to which the furnace is connected. Therefore 
other customers that are supplied by the same feeder face regular severe 
voltage drops unless the supply bus is very stiff. Voltage flicker is discussed 
in details in the next chapter. 

2.1.7 Power Frequency Variations 

These variations are usually caused by rapid changes in the load 
connected to the system. For example, the supply frequency may drop during 
the operation of large drag lines in a comparatively low inertia system. It is 
however desirable that the supply frequency does not deviate too much from 
the nominal frequency of 50 or 60 Hz. The maximum tolerable variation in 
supply frequency is often limited within ± 0.5 Hz. The frequency is directly 
related to the rotational speed of the generators supplying them. Thus a 
sustained operation outside the tolerable frequency range may reduce the life 
span of turbine blades on the shaft connected to a generator. Furthermore, if 
the frequency falls below a certain threshold, an under frequency relay may 
trip to protect the turbine blades. 

2.1.8 Power Acceptability Curves 

These curves quantify the acceptability of supply power as a function of 
duration versus magnitude of bus voltage disturbances. One of these curves 
was originally developed by Computer Business Equipment Manufacturers 
Association (CBEMA) to set limits to the withstanding capabilities of 
computers in terms of the magnitude and duration of the voltage disturbance. 
The CBEMA curve has however become a de facto standard for measuring 
the performance of all types of equipment and power systems. 

In the CBEMA curve shown in Figure 2.12 there are two traces - one 
for overvoltage and the other for undervoltage. These show the percent bus 
voltage deviation from the rated voltage against time. The region below the 
upper trace and above the lower trace is the acceptable range. This region 
defines the tolerance level. For example an overvoltage of very short 
duration can be tolerable if it is in the acceptable region. Again a computer 
may be able to sustain about 5-6% overvoltage for a prolonged period of 
time. Similarly operating below the lower trace is also not permissible. 
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The CBEMA curve was originally designed in 1970 for mainframe 
computers. But the curve has been used to quantify the voltage tolerance 
limits of adjustable speed drives, fluorescent lighting, microprocessor based 
controller etc [8]. The Information Technology Industry Council (lTIC) 
redesigned the CBEMA curve in the later half of the 1990s. The ITIC curve 
describes the acceptable range in steps rather than smooth curves used in 
CBEMA. In addition to these two curves the other power acceptability 
curves are FIPS curve for automatic data processing equipment and IEEE 
standards [8]. 

2.2 Power Quality Problems 

Of the terms and definitions of PQ that are listed in the previous section, 
some of the major concerns of both customers and utility are 

- Poor load power factor 
- Harmonic contents in loads 
- Notching in load voltages 
- DC offset in load voltages 
- Unbalanced loads 
- Supply voltage distortion 
- Voltage sag/swell 
- Voltage flicker 



2. Characterization of Electric Power Quality 41 

We shall now discuss their implications separately. 

2.2.1 Poor Load Power Factor 

Consider a distribution system in which a source is supplying an 
inductive load through a feeder. The feeder has a resistance of R, and a 
reactance of x:,. The feeder current is denoted by I, and the load voltage is 
denoted by VI. The load power factor is lagging and the power factor angle is 
denoted by Bt. The system phasor diagram is shown in Figure 2.13 (a). In 
this diagram the load current is resolved into a real part I,p = II, I COS()I and a 
reactive part f,q = II, I sinBt. Of these two components, the work done 
depends only on the real power. 

I,q 

(a) (b) 

Figure 2.13. (a) Poor power factor and (b) its improvement by a shunt capacitor 

Now suppose the load power factor is poor, i.e., the load has a large XIR 
ratio. Then the power factor angle Bt will be large. This implies that the 
reactive comronent of the current is large and hence the magnitude of the 
load current 11,·1 is also large. This will not only cause a significant drop in 
the feeder voltage but there will also be a large amount of 1 f, 12 R, loss. This 
loss is associated with high heat dissipation in the feeder. Excessive heat 
may reduce the life span of the feeder. 

To correct the large feeder drop, let us assume that as a remedial action 
we connect a capacitor in parallel with the load. This capacitor draws a 
current Ie that is in phase opposition to 1,,1' The reSUlting current drawn by the 
capacitor-load combination is denoted by I',. This is shown in Figure 2.13 
(b). It can be seen that even though the real component of the current 
remains the same, the magnitude of the current drawn from the source has 
reduced considerably. This is because the reactive component of the current 
drawn has reduced considerably and, as a consequence, the power factor 
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angle has decreased. Therefore, to operate the feeder in an optimal fashion, 
the power factor at the load should be maintained near unity. In an ideal 
situation, the load power factor should be unity. However this may always 
not be achievable. With the improvement in the power factor, the line drop 
decreases resulting in better voltage regulation at the load as well. 

2.2.2 Loads Containing Harmonics 

It is well known that any nonsinusoidal but periodic signal can be 
decomposed into a fundamental component (50 or 60 Hz for power systems) 
and its integer multiples called the harmonic components. The harmonic 
number usually specifies a harmonic component, which is the ratio of its 
frequency to the fundamental frequency. For example when the fundamental 
frequency is 50 Hz, a harmonic with a number of 3 (3fd harmonics) will have 
a frequency of 150 Hz. The harmonic components that are integer multiples 
of the 3fd harmonic (e.g., 6th , 9 th etc) are called triplen. In power systems, the 
electrical components are symmetrical. Therefore, the current drawn in the 
positive half cycles is the exact mirror image of the current drawn in the 
negative half cycles. Such symmetrical waveforms cannot contain any even 
harmonics. Transformer saturation and rectifier loads are examples of 
components typically exhibiting these symmetries. There is another form of 
symmetry in a 3-phase, 3-wire system. Assume that the harmonic current in 
phases-b and c are identical to that of phase-a but is delayed by 2mri3 and 
4ntrl3 respectively where n is the harmonic number. The currents at each 
triplen frequency are then in phase with each other. Without a neutral they 
have no return path to flow just like a zero sequence current and thus must 
individually be zero. The triplen currents may however circulate inside a L1-
connected winding of a transformer. The triplen currents may also be present 
in a three-phase, four-wire system as the neutral wire provides a path for 
them to flow. Usually in power system even harmonics are less common. 
There the harmonics in a three-phase system are of the type (6q ± 1) and 3q 
where q = 1, 2, 3, ... 

Power electronic loads are the major source of harmonic generation in 
power systems. Consider an example where a new main frame computer 
system has been installed in a multistoried office building. At the same time, 
to protect the computer, a very large uninterrupted power supply (UPS) has 
also been installed. The UPS employs power electronic switches and as a 
result it can cause interference to the loads that are connected in parallel with 
the UPS. Assuming that all the loads of the office building are placed on the 
same bus, the UPS can cause screens of many smaller computers to flicker 
or roll and can even cause these computers to freeze. It can also cause other 
electronic circuits to malfunction. For example, it can change the timing 
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sequence of the elevator control circuit. In the Indian Institute of Technology 
Kanpur campus in Northern India the power is supplied by a 33 kV feeder. 
The incoming voltage is stepped down by a 33 kVlll kV, 5 MVA 
transformer and power is then distributed to various facilities through five 
substations. In one such substation, the UPS of the main computer center is 
connected and so is the computerized telephone exchange. In an incident in 
the late 1990s, the ac input voltage to the telephone exchange became 
triangular with a peak of 600 V due to harmonic contamination by the UPS 
when the expected nominal fundamental voltage has a peak of 325 V. The 
power supply of the telephone exchange was damaged due to this. Harmonic 
contamination can also upset ripple control systems thereby causing street 
light control system or hot water control system to malfunction. 

Let us now consider the impact of a harmonic current on a power 
distribution system. Consider the three-bus radial distribution system shown 
in Figure 2.14 in which three separate loads are being supplied by a single 
source. Load-l is connected to Bus-2 while the other two loads are 
connected to Bus-3. Two feeders join the three buses. Now suppose out of 
these three loads, Load-2 is drawing harmonic current. This will cause a 
harmonic current to flow through both the feeders. Due to the presence of 
the feeder impedances this harmonic current will cause a harmonic voltage 
drop at Buses 2 and 3. Bus-l is connected to a source and hence its bus 
voltage will not have any harmonic component. We shall call any such bus a 
stiff bus. Since both Bus-2 and Bus-3 voltages are distorted, the currents 
drawn by Load-l and Load-3 will also get distorted as a consequence even if 
they are linear loads. This is undesirable and might even be unacceptable. 
Let us consider the following example. 

Feeder-1 Feeder-2 

Figure 2.14. Single-line diagram of a power distribution system 
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Example 2.3: Consider the circuit of Figure 2.14 where the three-phase 
balance supply voltage has a magnitude of 11 kV (L-L, rms) and the system 
frequency is 50 Hz. In a base of 11 kV (L-L) and 1 MVA, each of the two 
feeders has a per unit impedance of 0.1 + )0.1. Load-l and Load-3 are 
grounded Y -connected passive RL loads with per phase impedances of 
2.0 + )3.0 per unit and 3.0 + )3.0 per unit respectively. Load-2 constitutes a 
three-phase diode bridge rectifier, the dc side of which is connected to a 
151 n resistor. This rectifier will cause distortions in the system quantities. 

Figure 2.15 depicts the phase-a voltages and currents at various parts of 
the circuit. Figure 2.15 (a) shows the voltage at Bus-3 while the voltage at 
Bus-2 is shown in Figure 2.15 (b). The current drawn by the rectifier load is 
shown in Figure 2.15 (c) and the current through Feeder-I is shown in 
Figure 2.15 (d). It can be seen that all these quantities are distorted. 
Therefore we can conclude that the presence of a nonlinear load can cause 
distortions in voltages and currents of a distribution network. If the current 
drawn by the nonlinear loads is higher compared to those drawn by the linear 
loads, then the distortion in the bus voltages at various parts of the network 
will be significant. As a result distortion in the linear load currents will also 
be high making the THO of these quantities unacceptable. 

(a) Bus-3 Voltage (kV) 
10, 

I 

(b) Bus-2 Voltage (kV) 

10 l 
s 

I 
o 

-S' -S 

-10~: ~~~-~~ ----
° 0,02 0,04 0,02 

(c) Load-2 Current (A) 
1 00r----'~--~ 

° 
-SO 

(d) Feeder-1 Current (A) 
200-~-----------' 

I 

100~: 1 

0' I 
I 

-100 

-100 1 

° 0,02 
Time (s) 

0,04 -2°°6 0,02 
Time (s) 

0,04 

Figure 2, /5, Harmonic distortion caused by a rectifier load 

Harmonics can affect loads through several mechanisms. For example, 

the presence of harmonics can cause additional losses in induction 
motors, especially when they are operating close to their rated values. 
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Moreover, due to the additional losses that are created by harmonic 
currents, the overall heating may increase leading to premature failure of 
the motors. 

- the supply voltage is used for timing purposes in many cases. For 
example, supply voltage cycles are counted to get timing information for 
digital clocks. Similarly many items of power electronic equipment, such 
as phase controlled thyristor circuits, use the zero crossing of the supply 
voltage to generate trigger pulses for the semiconductor devices. A 
distorted voltage waveform can create false triggering of the timing 
circuits. 

2.2.3 Notching in Load Voltage 

With rectifier loads there are commutation periods where the line to line 
voltage falls to zero. This effect is due to the finite inductance in the supply. 
Thus this causes a finite time for the current to fall to zero in one phase and 
transfer to another. As we have seen in Figure 2.11 that the presence of a 
large phase controlled rectifier will cause notches in the phase voltage. One 
case where these notches caused problems was in a concert hall. A new lift 
with a phase control was installed on the output of the same transformer 
supplying the microphone and stage lights. A simple dimmer circuit 
controlled the stage lights. This circuit measured the time from the zero 
crossing to determine the firing angle. When the lift was used, the firing 
angle for the lift controller changed and the notch moved along the 
waveform. When the notch neared the zero crossing of the phase voltage, 
there was a step change in the dimming level. The solution to this problem is 
often to provide the high power loads from a separate transformer. In this 
case there was additional inductance added at the lift motor such that the 
depth of notch seen by the dimmers was significantly reduced. 

2.2.4 DC Offset in Loads 

Consider again the distribution system shown in Figure 2.14. Let us 
assume that phase-a of Load-2 contains a half-bridge rectifier that draws dc 
current from the source. The output of the rectifier is connected to a 75 n 
resistor. The other two phases are unconnected. The feeder and remaining 
load parameters are as given in Example 2.3. The phase-a voltages and 
currents are shown in Figure 2.16. It can be seen that since the Load-2 
current is dc, the source current also has a dc offset. The voltages both at 
Bus-2 and Bus-3 also have dc offsets. However, the voltage offset at Bus-2 
is smaller compared to that of Bus-3. Further, the harmonic distortion at this 
bus is insignificant compared to that of Bus-3. 



46 

(a) Bu5-3 Voltage (kV) 
10,----~--

5 

o 
-5' 

-100~--0~.0-2---0.04 

(c) Load-2 Current (A) 
150, i 

100r~1 
50 1 1 

i ' 
0, , 

(b) Bu5-2 Voltage (kV) 
10------------, 

5· 

o 
-5 

0.04 
(d) Feeder-1 Current (A) 

150---------, 

100· 

50· 

O· 

0.02 
Time (5) 

0.04 -500 0.02 
Time (5) 

0.04 

Figure 2.16. Effect of dc current in a distribution network 
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There are two main implications of the presence of a dc current in an 
electricity supply system. Usually a supply system is equipped with a 
transformer that changes the voltage levels in accordance with the need of 
the consumers. It was mentioned earlier that a dc current can offset the flux 
excursions in a distribution transformer. The positive flux excursion 
becomes heavily saturated while the negative excursion is well within the 
linear range. As a result the magnetic core of the transformer gets heavily 
saturated resulting in excessive heating. 

The other aspect of the dc current is the earth path. The return path for a 
dc current can often involve current through the earth. This will sometimes 
involve the dc current passing through buried structures such as pipes or 
reinforced steel. The dc current greatly enhances corrosion of metallic 
structures as it carries the metallic ions in the direction of the current flow. 

2.2.5 Unbalanced Loads 

In a three-phase supply there is an expectation that the voltages in each 
phase will be equal in magnitude and are 1200 phase shifted from each other. 
Now suppose Load-2 of Figure 2.14 is not balanced. The drawing of 
unbalanced current through supply impedance will mean that the supply 
voltage of the other two loads will also be unbalanced. For example consider 
the case in which Load-2 consists of three resistors of values 0.5 per unit, 1.0 
per unit and 4.0 per unit in phases a, band c respectively, while the two 
other loads and the feeder impedances remain unchanged. Then the voltages 
at Buses 2 and 3 are as shown in Figure 2.17. It can be seen that both these 
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set of voltages are unbalanced due to the presence of the unbalanced loads. 
The degree of unbalance depends on the relative magnitude of the 
unbalanced currents drawn vis-a-vis that of the balanced currents drawn. The 
larger the unbalanced current, the larger is the unbalance. 
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Figure 2. /7. Unbalance in the bus voltages caused by unbalanced load 

The voltage imbalance can be decomposed into a positive sequence 
voltage set, a negative sequence and a zero sequence voltage set. For 
induction motors, the positive sequence voltage set creates a positive torque 
that does the useful work. The negative sequence voltage set creates a flux 
rotating opposite to the rotor and creates a negative torque while the zero 
sequence voltage set may create current and extra losses but little effective 
torque. Thus the negative and zero sequence voltages generated due to 
voltage unbalance may give rise to extra losses and sometimes a torque 
reduction. Together these effects can contribute to overloading of induction 
motors. 

Unbalanced loads in a three-phase system produce currents that give rise 
to negative phase sequence (NPS) voltages. The magnitude of the NPS 
voltage at a point of common coupling is usually limited by utilities because 
of the increased heating caused in three phase motors and generators. The 
permissible levels vary between countries but usually lies within the range of 
1 % to 2% [9-12]. The NPS voltage is defined in terms of the fundamental 
phase to neutral voltage phasors Va, Vh and Vc as 

(2.2) 
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where a = e' 120°. In balanced systems this phasor summation would 
form a closed triangle and give VNPS = O. 

Consider a three-phase induction motor having a single pole pair, the 
equivalent circuit of which is given in Figure 2.18. The positive sequence 
voltage creates a flux rotating in the positive sense at the fundamental 
frequency of 50 Hz. The rotor slip could be 2% for the rotor is moving in the 
positive direction at 49 Hz. A 2% NPS corresponds to a flux rotating in the 
reverse direction at a frequency of 99 Hz, i.e., at a slip of s = 1.98. Thus the 
model impedances are very close to slip of one, the condition for direct on
line starting. Typically start currents can be six times rated for 1.0 per unit 
input voltage. Thus a 2% NPS could give rise to a negative sequence current 
of 12% rated current. If the motor were already heavily loaded the additional 
current could give rise to overheating. This is in addition to the reverse 
torque on the rotor generated by the NPS flux. 
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s 

Figure 2. J 8. Equivalent circuit of an induction motor 

The Australian Standard AS 1359 [9] specifies that 3-phase machines 
should be designed for continuous voltage unbalance levels of 1.0%. This 
level is i"n agreement with the NEMA standard [10). For the rail load in 
Queensland, the authority has previously allowed contributions from large 
unbalanced loads to the overall NPS at a point of common coupling (PCC) 
as follows [13] 

- 2% NPS for I-minute peak loads 
- 1% NPS for 5 minute peak loads 
- 0.7% NPS for 30 minute peak loads 

The European practice is similar [I I]. For example, in Germany the 
contributions from a single customer to the overall NPS at a point of 
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common coupling are constrained by the 10 minute geometric mean having 
to be less than 0.7%. This geometric mean is given by 

T 

NPSrms = ~ f nps(t) 2 dt < 0.007 
o 

(2.3) 

This represents the heating effect in a motor with a ten minute thermal time 
constant [14]. Compared to the levels indicated above, this criterion 
corresponds to an NPSrms of 0.99% for five minutes and 2.2 I % for one 
minute [14]. 

The contribution, which an unbalanced load will make to the overall NPS 
voltage at a PCC, is readily calculated for fixed loads. Time varying loads 
appearing across different phase pairs make the prediction of NPS voltage 
levels more complex. Similarly the required rating of balancing plant, which 
ideally should utilize the unbalanced load absorption capability of the PCC, 
can become more difficult to assess. 

Queensland Railways in Central Queensland in Australia operate an ac 
electrified railway. The railway is a heavy haul system comprising over 1000 
km track and is used to transport coal from the inland mines to the export 
facilities on the east coast. Supply is provided from a 132 kV network via 13 
railway substations, each of which has two or three 30 MY A single-phase, 
132/50 kV transformers. Associated with each transformer is a 50 kV 
harmonic filter (HF) which may have a total rating of 4, 7 or 10 MV Ar, 
depending on whether 3rd, 5th and 7th harmonic filter branches are included. 
Nine load balancing static var compensators (SVCs) are used to reduce the 
NPS voltages caused by the unbalanced loads, including the filters, to 
acceptable levels. The low fault levels (high source impedance) in most parts 
of the system used to supply the rail loads compound the problem of 
controlling NPS voltage levels. 

An investigation into the capability of the railway supply substations was 
initiated after the rail authority, Queensland Railways, advised its intentions 
of significantly increasing the tonnage transported on the electrified system. 
The major concern was the containment of NPS voltage levels which is 
directly related to the ability of the nine load balancing SVCs to handle any 
increase in load. Figure 2.19 depicts one of the railway supply points of 
common coupling, which feeds two railway supply substations. Permanently 
connected 7 MVAr harmonic filters are installed on each of the 50 kV 
busbars and a 132 kV load balancing SVC is provided at one of the 
substations, Grantleigh. At Bouldercombe, the PCC, the fault level is 
approximately 1300 MY A, one of the highest among the railway supply 
points. 
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Figure 2.19. Two Queensland Railway substations supplied from a 132 kY bus 

On site measurements of NPS levels, rail loads and SVC performance 
were made over a period of approximately a month. The rail loads were 
measured using single-phase power and reactive power transducers sampled 
at 15-second intervals. Figure 2.20 shows a typical single-phase traction load 
with a peak current of 450 A (50 kV busbar) corresponding to two loaded 
coal trains drawing full current simultaneously [15]. 
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2CO 

~oo 

4.5 6.0 75 90 

Figure 2.2(). Typical load current supplied to a 50 kY traction load 
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With the load balancing SVC disabled, the NPS phasors at the point of 
common coupling, Bouldercombe 132 kV busbar, were found to lie on three 
trajectories at angles of approximately -60°, 60° and 180°. This result is 
expected since the power factors of the rail loads are similar, especially at 
high load. Excursions along these trajectories have been found to correlate 
well with single-phase trainloads in phase pairs AB, BC and CA 
respectively. Figure 2.21 shows the measured NPS excursions over a period 
of several hours. Note that the NPS measurements with high magnitude are 
aligned with the trajectories mentioned. The line segments connecting 
measurement points indicate time sequence. 

0.5 

0.0 

-0.5 

Imaginary 
Voltage 

CA phase 

-1.4 - 0.6 

f. . BC phase , 
I 

0.0 0.6 

Real Voltage (in phase with Va) 

1.4 

Figure 2.21. NPS voltage phasor measurement at Bouldercombe 132 kY busbar 

The load character in phases AB and CA consists of comparatively short 
bursts of power corresponding to individual coal trains passing through the 
feeder sections. Phase BC has an additional component corresponding to 
more frequent but smaller loads due to local train traffic and shunting. This 
was observed to produce NPS voltage excursions along 60° trajectories, 
sometimes starting from part way down the - 60° or 180° trajectories of 
loads in the AB and CA phases. The additional loads are also responsible for 
the larger magnitudes of the NPS phasors in the BC phase supply. The 
generally low traffic density on the heavy haul rail system gives a low 
probability of coincident loads in adjacent sections, hence the lack of 
excursions in the region from - 60° to 180°. 

To ascertain whether the NPS excursions were all caused by rail loading, 
the expected NPS currents due to rail loads were calculated using real and 
reactive power measurements at each railway supply transformer. The NPS 
current phasors showed excursions at angles of approximately 30°, 150° and 
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270° for loads in phases AB, BC, and CA respectively as shown in Figure 
2.22. The currents have a phase shift of 90° with respect to the voltage due to 
the predominantly inductive nature of the source impedance. The NPS 
voltages were then determined by multiplying the NPS current with the NPS 
impedance where the source impedance was taken as the busbar short circuit 
level of 1300 MY A. Subtracting the measured NPS voltages and those 
calculated using the NPS current phasors and the estimated system NPS 
impedance leaves an NPS voltage phasor with a magnitude of approximately 
0.15% and a steady phase angle. This residual NPS is thought to be due to 
transmission line unbalances or errors in voltage transformers and is the 
cause of the offsets from the origin in Figures 2.21 and 2.22. The rail load 
was found to be the dominant cause of NPS voltage excursions measured at 
this point of common coupling. 

IMAG Be Phase 
AMPS 

40.0 

20.0 

0.0 

·200 CA Phase 

REAL AMPS 

-100.0 -80.0 -60.0 -40.0 ·20.0 0.0 20.0 40.0 

Figure 2.22. NPS Current phasor corresponding to Figure 2.20 

2.2.6 Disturbance in Supply Voltage 

As we have discussed before there can be various forms of disturbances 
in supply voltage such as interruption, distortion, overvoltage/undervoltage, 
Sag/Swell, flicker etc. These can have an adverse impact on the customers. 
For example, even a small duration voltage interruption can cause relay 
tripping, thereby completely stopping a process line. Many hours of 
production can be wasted through a few seconds of interruption. Even a 
short duration outage can cause defects in semiconductor processing. A 
sustained overvoltage can cause domestic lights to burn out faster and can 
put stress on capacitors. Voltage spikes or transient overvoltage can cause 
permanent damage on capacitors thereby burning power supply or other 
semiconductor components of computers, TVs, VCRs and household 
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appliances. Sustained undervoltage can cause motors to stall. Similarly a few 
cycle voltage sag can force motors to stop thereby ruining a process. Voltage 
flicker can be very annoying to the human eyes as it causes incandescent 
lamps to flicker. The impact of voltage disturbance on sensitive equipment is 
measured through the CBEMA curve discussed in the previous section. 

Bonlac Foods Processing plant in Stanhope, Victoria, Australia processes 
diary milk into pasteurized milk, butter and cheese for high quality domestic 
and international consumption. The food processing plant is supplied by 
distributor Powercor Australia Ltd. Bonlac gets its supply from a 22 kV 
overhead line from Kyabram, with the incoming feeder to Kyabram being 66 
kV. The number of faults in the Kyabram-Stanhope section rises during the 
summer due to storms and bird interference [16]. There are as many as 40 
faults that occur in that section annually. 

The plant equipment gets supply through six 22 kV /415 V transformers 
rated between 1 MY A and 1.5 MVA. The total load is approximately 5.25 
MVA at 0.8 power factor. A large number of squirrel cage induction motors 
is used in this plant. These motors are used as evaporators/dryers or 
compressors. All these motors are sensitive to voltage dips, especially the 
motors running the sophisticated dryers. Each of the motor trips not only 
cause a loss of production but also a loss of raw material. Since this is a milk 
processing plant, the raw material cannot be recycled on the resumption of 
work as they may contaminate the new intake. Thus each voltage dip causes 
a huge loss of revenue. 

In an interconnected distribution system, voltage disturbance can occur 
due to fault or badly behaved loads. For example in the distribution system 
shown in Figure 2.14, suppose Load-2 contains large induction motors. 
When the motor is started a large inrush current will flow, causing the Bus-3 
voltage to drop in all three phases, thereby affecting Load-3. Also we have 
seen in Example 2.3 how a single-line-to-ground fault in one feeder causes 
the voltage to dip and rise in other feeders thereby affecting all loads 
connected to this feeder. 

2.3 Conclusions 

In this chapter we have discussed some of the problems that are facing 
the modern power system supply quality. There are a number of issues 
ranging from generation to transmission and distribution. In this book we 
concentrate on the last aspect. The aim of the book is to introduce the 
concepts of solid state power controllers that are utilized to compensate for 
some of the problems of distribution systems. The solid state solutions to 
these issues are covered in the later chapters. It is however to be noted that 
the solutions of all the problems facing modern power systems cannot solved 
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using a few solid state controllers that are arbitrarily placed. The entire 
picture is very complicated. There are minor side issues that are also 
involved. We shall try to answer some of these questions as we go along. 
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Chapter 3 

Analysis and Conventional Mitigation Methods 

Power quality problems are not new in power systems, but the general 
customers' awareness of these problems has increased in the recent years. 
Modern technology such as computers and controls are largely responsible 
for the rise in the impacts of power quality but can also provide a tailor
made solution to these problems. Often these solutions are expensive, and in 
many cases, the cost has to be borne by the customer. Thus before the 
application of a power quality solution, the problem has to be analyzed in 
details and the cost to benefit ratio must also be calculated. The specifics of 
the analysis of power quality problems are an important issue and will be 
covered in this chapter. 

Since power quality problems have existed for a long time, the 
conventional methods of mitigation of these problems also are quite well 
developed. For example, before the advent of active filters, passive filters 
based on inductors and capacitors were used and are still used in many 
power transmission and distribution applications. Some of these filters 
developed to high levels of sophistication and are even tuned to bypass 
specific harmonic frequencies. However, the use of passive elements at high 
power level makes these devices bulky. Moreover the passive filters have a 
fixed range of operation. Therefore before we introduce the custom power 
solution to power quality problems, it is important to discuss the 
conventional mitigation methods and highlight their deficiencies as well. 

3.1 Analysis of Power Outages 

The most common cause of an outage is equipment or component failure, 
e.g., loss of a generator, transformer or feeder due to faults. Sometimes 
utilities used scheduled outages to maintain the power equipment. Typical 
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scheduled maintenance involves changing of transformer oil, replacement of 
a section of feeder conductors or changing of old and faulty switchgear or 
other equipment. During scheduled maintenance, a power distribution 
company may be able to cater to the large majority of the customers by 
channeling power through alternate feeders or supply transformers wherever 
available. However this may not always be possible. In general, such 
scheduled outages occur only occasionally and usually prior notice is given 
to customers that are affected by the outages. 

It is the unscheduled outages that cause major problems to both utilities 
and customers alike. Such outages cause higher financial loss to the 
customers arising from loss of production in factories and assembly lines, 
rotting or contamination of edible materials in food processing plants, 
restaurants and even domestic households. The impact of even short outages 
in semiconductor plants can be very severe. It is therefore imperative that 
such outages are minimized. Amongst the unscheduled outages, some are 
caused by natural disasters and accidents like earthquakes, floods, blizzards, 
tornadoes, fires, arsons, terrorist activities etc. Even if some of these causes 
can be predicted, it is rather difficult to entirely prevent their impact on the 
power system. We shaH therefore concentrate on the outages resulting from 
faults and equipment failures. 

There are various reliability indices that define the response of the system 
to the outages. Below we define a few of them [1]. 

System Average Interruption Frequency Index (SAIF/): This defines the 
total number of customer interruption events that have occurred over a 
period of time (usuaHy one year) divided by the total number of customers, 
i.e., 

SAIFI = Total number of customer interruptions 

Total number of customers in the system 
(3.1 ) 

This defines the average interruptions per customer over a year. 
This defines the average number of interruptions per customer over a 

year. 

Customer Average Interruption Frequency Index (CAlF/): This is defined 
as 

CAIFI = Number of customer interruptions (3.2) 
Number of customers who had at least one interruption 
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The index SAIFI is useful in that it gives the average interruptions per 
customer. The problem with this approach is that not all customers in the 
system face an equal amount of interruptions. For example SAIFI may 
produce an index of 1.5 in a year. However it may happen that only one 
quarter of the people suffered these interruptions. Then the average 
interruption for these customers is 6.0 and not 1.5. This aspect is addressed 
by the use of the index CAIFI which normalizes the number of interruptions 
with respect to the total number of customers who have faced interruptions. 
The numerical value of CAIFI will be greater than or equal to that of SAIFl. 

It is interesting to note that a comparison of these two indices can give us 
an insight into the system. For example if the relative difference between 
these two indices is negligible, then it can be concluded that the interruptions 
have affected most groups of customers equally. If, on the other hand, there 
is a large difference between these indices, then it means that the 
interruptions have affected some groups of customers more than the others. 
This can be due to poor grounding, poor design or poor maintenance. Further 
investigation will then be required to determine and rectify the cause. 

System Average Interruption Duration Index (SAID!): This defines the 
average duration of all interruptions per customer, i.e., 

SAIDI = Sum total of the duration of all customer interruptions (3.3) 

Total number of customers in the system 

In this index the sum total of the duration of interruptions of all customers 
are normalized with respect to the total number of customers. 

Customer Average Interruption Duration Index (CAID!): The total 
interruption duration over a year is averaged amongst the customers, who 
had at least one interruption, i.e., 

CAIDI = Sum total of the duration of all customer interruptions (3.4) 

Number of customers with at least one interruption 

As in the case of SAIFI and CAIFI, a large difference between SAIDI and 
CAIDI will indicate that the outages are concentrated on a limited set of 
customers and hence further investigation will be required. 

Momentary Average Interruption Frequency Index (MAIF!): This index 
deals with momentary or short duration interruptions. In general the utilities 
do not treat the short duration interruptions as outages and hence momentary 
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interruptions are not classified under SAIFI or CAIFl. The momentary index 
is computed as 

MAIFI = Number of customer momentary interruptions 

Total number of customers 
(3.5) 

We demonstrate the calculation of the interruptions with the help of the 
following example. This follows the guidelines provided in [2]. 

Example 3.1: Consider a distribution system with 100,000 customers. 
These customers are served from six different buses. These buses and the 
number of customers per bus are listed in Table 3.1. The actual configuration 
of the distribution system is not important. The system interruption data over 
a year is listed in Table 3.2. Note from this table that for the interruption case 
2, 10,000 customers of bus 2 and 2,000 of bus 4 are affected for different 
duration. Again in the interruption case 5 that involves bus 4, the same 2,000 
customers involved in case 2 are affected again. In addition another 3,000 
customers are also affected for the interruption case 5. 

Table 3.1. Distribution system data 

Bus number Number of customers served 

30,000 
2 25,000 

3 20,000 
4 12,000 

5 8,000 

6 5,000 

Table 3.2. Customer interrurtion data 

Interru[2tion case Bus number Affected customers Duration (hours) 

1 15,000 2.0 

2 10,000 1.5 
2 

4 2,000 1.0 

3 6 5,000 4.0 

4 5 3,000 0.5 

5 4 5,000 1.0 

Therefore the total number of customer interruptions, calculated from the 
data given in Table 3.2 is 

Total interruptions = (15 + 10+ 2 + 5 + 3 + 5) x 10 3 = 40,000 

Hence, 



3. Analysis and Conventional Mitigation Methods 

SAlFl = 40,000 = 0.4 
100,000 

59 

To compute CAlFl we note that the total number of customers affected by 
the interruptions is 38,000. Therefore, 

CAlFl = 40,000 = 1.05 
38,000 

Note that CAlFl has a numerical value that is greater than 1. This implies 
that some customers have undergone more number of outages than the others 
per year. 

To compute SAlDl and CAlDl we have to translate the interruption data 
given in Table 3.2 into customer-minutes lost due to interruptions. This is 
shown in Table 3.3. From this table we compute the customer-minutes lost 
due to interruptions as 

Customer - minutes lost = (1.8 + 0.9 + 0.12 + 1.2 + 0.09 + O.3)x 106 

= 4,410,000 

Therefore 

S'AIDl 4,410,000 44 1 . = = . mInutes 
100,000 

CAlDl = 4,410,000 = 116.05 minutes 
38,000 

Table 3.3. Customer-minutes lost due to interruetions 
Interruption Bus number Affected 

case customers 
15,000 

2 
2 10,000 
4 2,000 

3 6 5,000 
4 5 3,000 
5 4 5,000 

Duration Customer-minutes 
{hours) 

2.0 1,800,000 

1.5 900,000 

1.0 120,000 

4.0 1,200,000 

0.5 90,000 

1.0 300,000 

~~~ 
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Note from the above example that 

SAIFI :S: CAIFI, SAIDI :S: CAIDI, CAIFI ~ I 

Also note that 

CAIDI CAIFI 

SAIDI SAIFI 

= Fraction of customers who had at least one outage 

Chapter 3 

(3.6) 

(3.7) 

The frequency indices like SAIFI, CAIFI and MAIFI tell us how often 
faults occur. They give us an indication about system equipment and 
network layout. The regulator of utility can declare a maximum limit on any 
of these indices as the key performance measure and the utility can respond 
by rescheduling their maintenance procedure to be within the maximum 
limit. Other approaches are to use live line work to limit the outages 
experienced. The duration indices like SAIDI and CAIDI, on the other hand, 
are functions of the organization ability of the utility to limit the faulted 
section to the smaIlest number of customers and the ability to control the 
repair time. These indices can be used to identify when it is critical to 
reschedule the repair procedures of the utility such that the load curtailment 
can be kept at the minimum. 

3.2 Analysis of Unbalance 

Historically unbalance in a three-phase ac system has always been treated 
through symmetrical components. In this approach, a set of unbalanced ac 
voltage or current phasors is converted to three balanced phasors. Also an 
unbalanced ac network can be decomposed into three sequence networks. 

3.2.1 Symmetrical Components of Ph as or Quantities 

Symmetrical components are used to analyze unbalanced conditions in 
three-phase circuits in the steady state. It is well known that a set of three 
unbalanced phasors representing either three-phase voltages or three-phase 
currents can be resolved into the following three sets of three balanced 
phasors: 

- Positive sequence: These are a set of equal magnitude three phase vectors 
that are displaced from each other by 1200 and have the same phase 
sequence as the original phasors. The positive sequence components of 



3. Analysis and Conventional Mitigation Methods 61 

the voltage phasors Va, Vb and Ve are usually denoted by Va], Vbl and Vel 
respectively. The currents are also defined similarly. 

- Negative sequence: These are a set of equal magnitude three phase 
vectors that are displaced from each other by 1200 and have the opposite 
phase sequence to the original phasors. The negative sequence 
components of the voltage phasors Va, Vh and Ve are usually denoted by 
Va2, Vb2 and Ve2 respectively. 

_ Zero sequence: These are a set of equal magnitude three phase vectors 
that are exactly in phase with each other. The zero sequence voltage 
components are usually denoted by VaO, VbO and Vc{). 

Symmetrical components are defined in terms of the operator a that is 
gIven as 

(3.8) 

We can then write 

Let us define the following vectors 

Then transformation from abc to 012-plane is given by 

(3.9) 

where K is a constant that is chosen either 1/3 or 1/...J3. Note that we can also 
transform currents using a similar transform, i.e., 

(3.10) 

The three-phase power in the original unbalanced system is given by 
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(3.11 ) 

where /* is the complex conjugate of the vector I. Now from (3.9) and (3.10) 
we get 

(3.12) 

From (3.12) there are two ways of choosing the value of K. If the three
phase complex power is to be equated to the sum of the complex powers in 
the transformed system, i.e., 

Pabc + jQabc =: I (VI 0 (0 + Vii (, + VI2 /;2 ) 
I~a.h,c 

then the value of K must be equal to 3. The transformation matrix and its 
inverse is then given by 

(3.13) 

Alternatively if we choose K to be equal to --J3, both sides of (3.12) 
become equal, i,e" 

(3.14 ) 

The transformation matrix and its inverse is then given by 

p~ ~r: Q 

...;3l1 a 2 

I j [I I 
a 2 , P-' =: ~ I a 2 

a I a 

(3.15) 

In the above equation plp* =: 10, where 10 is a (3x3) identity matrix. This 
implies that the matrix P is unitary, Further this transformation has the 
advantage that the three-phase power can be computed based only on the 
phase-a of the sequence components. 
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Example 3.2: Let us consider a three-phase balanced source supplying an 
unbalanced load. The supply voltages and the load currents are given in per 
unit by 

Va =1.0LO°, Vb =1.0L-120', Vc =1.0LI20°, I a =0.55L-30°, 

Ih = 0.45L -160° and Ie = 0.60L95° 

The complex power is then given by 

Pabc + jQahc = 1.3648 + jO.8178 per unit 

Let us now investigate the power in the sequence circuits. The zero
sequence power can be computed as 

Since the supply voltage is balanced, Va + Vh + Ve = 0 and hence both real 
and reactive powers in the zero-sequence are zero. As 1 + a + a2 =0, the 
power in the negative sequence 

It is then needless to say that the total power in the positive-sequence circuit 
is equal to the power in the three-phase circuit, i.e., 

It can thus be seen that powers in the zero and negative sequence circuits 
are zero when the supply voltage is balanced but the current is not. Similarly, 
we can show that the power in these sequence components will be zero when 
the current is balanced but the supply voltage is unbalanced. Let us now 
consider what happens when both the voltages and currents are unbalanced. 

Example 3.3: Let us consider a system in which the supply voltages are 
unbalanced and are given in per unit by 
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Va = 1.05LO°, Vb = I.OL -130° and Vc = 0.95LI 20° 

The loads are such that the load currents are the same as that given In 

Example 3.2. The complex power is then 

Pabe + jQabe = 1.4064 + jO. 7546 per unit 

The zero, positive and negative sequence powers are then 

Po + jQo = 0.0032 + jO.0038 per unit 

Fl + jQI = 1.4052 + jO.7347 per unit 

P2 + jQ2 = -0.0020 + jO.O 161 per unit 

It can be seen that 

To analyze an unbalanced network, it is decomposed into three sequence 
networks. These three sequence networks are then combined in a particular 
fashion to determine the fault currents. For example, for a single-line to 
ground fault, the Thevenin equivalent of the three networks are placed in 
series. These details are given in any textbook on power system (e.g., [3]). 
Also note that any transformer connection has an important role to play in 
the constitution of the zero-sequence network. The zero-sequence network of 
a grounded Y -Y transformer is different than that of an ungrounded Y -Y 
transformer or a .1-.1 transformer. The details of the zero-sequence 
components of different transformer connections are also given in [3]. 

3.2.2 Instantaneous Symmetrical Components 

The symmetrical component transformation matrix can also be applied to 
instantaneous voltages and currents [4]. Through this transformation we can 
convert three-phase instantaneous quantities into a zero-sequence component 
and two phasor components. Let the instantaneous three-phase currents be 
given by la, lb and Ie. We can then define the instantaneous symmetrical 
components as 
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(3.16) 

where lao is the zero-sequence and lal and la2 are two vectors that are 
complex conjugates of each other. A similar transformation can also be 
defined for voltages. Note that through the instantaneous symmetrical 
components we can analyze waveforms that are distorted, unbalanced or 
purely fundamental. To illustrate the idea, let us consider the following 
example. 

Example 3.4: Let us consider a balanced three-phase supply voltage 
given in per unit by 

va = sin (tJt, vb = sin(M -120° ) and v, = sin((tJt + 120° ) 

where (tJ = 1 OOJZ" rad/s. First let us assume that it supplies a balanced load. 
The load currents are given in per unit by 

ia = 0.5 sin((tJt - 30° ), ib = 0.5 sin((tJt -150° ) and ic = 0.5 sin((tJt + 90° ) 

The vectors Val and lal are computed for one cycle and the loci of the tip 
of these vectors are plotted in Figure 3.1. The starting point of the vectors at 
t = 0 are marked by a cross (x) and their direction of rotation as t increases 
are also indicated in the figure. It can be seen that these loci form a 
closed path. Since both the supply voltage and load currents are 
balanced, the paths traced by them form circles. The magnitude of the 
circles are however different. Note that since the vector Va2 (1a2) is the 
complex conjugate of Val (1al), the path traced by Va2 (1a2) will also be a circle 
that overlaps the path traced by Val (1al), even though these two vectors move 
in the opposite directions. 

To compute the magnitude of this vector let us assume that the peak of 
the balanced voltages is given by Vm. Then the vector Val is given by 

(3.17) 
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Figure 3.1. Loci of the positive sequence vectors under balanced condition 

Since the voltages are balanced, Va + Vh + Vc = O. We then have 

Va -..!.(Vb +vJ==2.va = 3Vm sinw{ 
222 

Vb - Vc == Vm {sin(wt-1200
)- sin(wt + 1200

)} 

== -2Vm cosw{sin 1200 == -.J3 V,II coswt 

Substituting the above two equations in (3.17) we get 

Vm {3 . .3 } 
val == .J3 2sm wt - } 2coswt 

The magnitude of the voltage vector Val is given from (3.18) as 

(3.18) 

(3.19) 

The magnitude of the voltage vector of Figure 3.1 is then -../3/2, i.e., 0.866 
and that of the current vector is 0.433. Also note that the vector lal lags the 
vector Val by 30° for every value of t. This implies that the phase angle 
difference between these two vectors is the power factor angle. 

Let us now assume that the load currents are unbalanced and are given in 
per unit as 
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Figure 3.2. Loci of positive and negative sequence vectors of unbalanced currents 

The loci of the vectors la\ and la2 are plotted in Figure 3.2. In this figure, 
the direction of rotation of the loci is also indicated. Since the currents are 
unbalanced, the paths traced by la\ and la2 are ellipses. Moreover, the vector 
la\ rotates in the counterclockwise direction while the vector la2 rotates in the 
clockwise direction. The starting point of each of these vectors is indicated 
by a cross. 

3.2.3 Instantaneous Real and Reactive Powers 

In this section we shall define the real and reactive powers in a three
phase system in terms of the instantaneous voltages and currents. Let us 
define the instantaneous voltage and current vectors for the three-phase 
instantaneous quantities as 

T [ vabc = va 

The instantaneous active (real) power IS defined as the dot (scalar) 
product of these two vectors, i.e., 

(3.20) 
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The instantaneous reactive power is a vector that is defined as the cross 
product of the vectors Vobc and lobe [5], i.e., 

(3.21 ) 

The norm of the vector 

(3.22) 

may sometimes be used as the scalar representing the instantaneous reactive 
power. Alternatively, the algebraic sum 

(3.23) 

can also be used as a scalar representing the total reactive power that 
circulates in the three phases. An advantage of the representation of (3.23) is 
that it can indicate the polarity of the instantaneous reactive power unlike 
Ilqll, which is always positive. 

The instantaneous active current vector is defined in terms of the power p 
as 

(3.24) 

Similarly, the instantaneous reactive current vector is defined in term of the 
instantaneous reactive power vector q as 
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lia'lj . _. _ q X Vabe Iq - Ib'l -
. Vabe . Vabc 
leq 

(3.25) 

The total current vector is the sum of the active current vector and the 
reactive current vector, i.e., 

(3.26) 

Further note that Vabe . Iq = 0, i.e., Iq is orthogonal to Vabc. Also, Vabe X Ip = 0, 
i.e.,Ip is parallel to Vabe. 

The instantaneous apparent power s is a scalar defined as 

s = IIVabe II " i abc" 
(3.27) 

where Ilvabell and IIIabc11 are the instantaneous vector norms defined as 

The instantaneous power factor A can then be defined as the ratio of active 
and apparent powers, i.e., 

(3.28) 

Let us now define a vector containing the instantaneous symmetrical 
component vectors as 

The instantaneous voltage and current vectors can then be written as 

P -I 
vabc = v aOl2 (3.29) 

where the inverse of the matrix P is given in (3.15). Combining (3.20) and 
(3.29) we get 
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p = v;~"P'p' i",,, = v;"'l i ~ ~ }"" 1 (3.30) 

= VaOiaO + va2 ial + val ia2 

Since V a2 and Val are complex conjugate of each other and also fa2 and fal are 
complex conjugate of each other, (3.30) can be written as 

(3.31 ) 

where Re denotes the real part. 
In a similar way the reactive power is given by [6] 

(3.32) 

where 1m denotes the imaginary parts. From the above equation the 
instantaneous scalar reactive power is given by 

(3.33) 

It can be seen from (3.33) that the zero sequence components do not 
contribute to qsum' Also the last two terms of (3.32) do not contribute to qlum 

and only the summation of the first term of (3.32) appears on the right hand 
side of(3.33). 

In general both P and q'Um have two components. They are given by 

P = Pav + Pose (3.34) 
qsum = q.\'um,av + qsum,osc 

In the above equation, the subscript av denotes the average (dc) value and 
the subscript osc denotes the oscillating component that has an oscillation 
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frequency of 100 Hz when the system frequency is 50 Hz with no distortion. 
In a balanced circuit the oscillating components are zero. 

Example 3.5: Let us consider a set of balanced supply voltages that are 
given in per unit by 

where OJ = lOOn- rad/s. The source supplies an unbalanced load. The steady 
state load currents are given in per unit as 

. .fi. ( 300)' 3.fi. ( 150°)' .fi. ( 90°) la = -SIn\OJI - , Ib = --SIn\OJI - , Ie = -SIn\OJ( + 
244 

The real power computed from (3.31) and the total reactive power 
computed from (3.33) are plotted in Fig. 3.3. It can be seen that these 
quantities have a frequency of 100 Hz. Their mean values are also plotted in 
this figure. The average real power supplied to the load is 1.5 cos 30° = 

1.299 per unit. Similarly the average reactive power required by the load is 
equal to 1.5 sin (- 30°) = - 0.75 per unit. It can be seen that the mean values 
given in Figure 3.3 are the same as these values. We can therefore conclude 
that q,um is indeed the scalar instantaneous reactive power. 
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Figure 3.3. Instantaneous active and reactive powers in an unbalanced circuit 
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3.3 Analysis of Distortion 

The main causes of voltage and current waveform distortions are 
harmonics, notching and interharmonics. We have discussed harmonics and 
notching in Chapter 2. Interharmonics are defined as the frequencies that are 
not integer mUltiples of the fundamental frequency but are present in the 
voltage or current waveforms [7]. These can appear as discrete frequencies 
or as wide-band spectrum. Let the fundamental frequency of a signal be fa. 
Then the terms such as harmonics, dc offset, sub-harmonics and 
interharmonics have the frequency domain interpretations shown in Table 
3.4. In this table the term f denotes a particular frequency component of the 
signal. The term sub-harmonic is loosely called as interharmonics with 
frequency component less than the fundamental frequency. 

Table 3.4. Interpretations of various harmonic terms 
Term A frequency component 
Harmonics [= n x /0, for an integer n > 0 
DC offset [=nx/oforn=O 

Interharmonics [= n x/o for a non-integer n > 0 
Sub-harmonics 0<[</0 

The rise in the use of power electronic loads and the increasing use of 
power factor correction capacitors is causing a general rise in the level of 
harmonics with particular locations exhibiting strong effects on other 
customers. For many purposes the distorting loads can be modeled as 
harmonic current sources. When there is a finite source impedance at the nIh 

harmonic z(ncv 0) then the nIh harmonic current flowing to the source wi II 
generate a harmonic voltage at the connection point of common coupling 
resulting in voltage distortion that can affect other customers. 

The main impacts can be summarized as 

- Increased losses 
- Reduced equipment life 
- Interference with protection control and communication circuits 
- Interference with customer equipment 

The increased losses can be in induction motors where the harmonic 
voltages can create significant harmonic currents without providing a 
commensurate increase in useful torque. These increased losses may not 
cause immediate equipment failure but can result in increased temperature in 
equipment which can be reliably mapped to a reduced life particularly for 
electrical insulation. Some control equipment presumes the existence of 
sinusoidal voltage supplies and takes its timing reference from the zero 
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crossing of the supply voltage. When there are variable distorting loads 
present this can give rise to a variation of the zero crossing and hence the 
control output. An example of this was a newly installed dc drive on a lift 
connected from the same transformer as the thyristor controlled lighting for 
the main stage. The distortion from the lift drive caused changes in the 
voltage supplied to the rest of the loads resulting in significant flicker of the 
stage lighting if the lift were used during a performance. 

As mentioned earlier the harmonics in power systems are mainly caused 
by power electronic loads like UPS adjustable speed drives etc. Most of 
these produce harmonics and some of them produce dc offsets. The main 
cause of interharmonics is the cycloconverters [8]. These converters are used 
extensively in rolling mills and linear motor drives in cement and mining 
industries and their maximum size can be as high as 20 MW. The arc loads 
like arc furnace, welding machines and arc lamps also produce 
interharmonics. These are also the most common source of voltage flickers 
that can be construed as fluctuations due to low frequency interharmonic 
components. The other sources of interharmonics are power line carrier 
signals, induction motors and integral cycle control that are extensively used 
to control street lighting and hot water or other controlled customer loads 
[8]. 

There are many effects of interharmonics. Similar to the harmonic 
currents they also cause overheating. The other effects are flicker in TV 
picture tubes, torsional oscillations in a turbine-generator shaft, 
communication interference, ripple control (power line carrier) interference 
and CT saturation [8]. 

It is well known that the distortions in the voltage or current from the 
fundamental frequency sinewave can be represented as a superposition of all 
the harmonic frequency sinewaves on the fundamental sinewave. The 
harmonic component values are separated from the fundamental frequency 
components using the Fourier analysis. Fourier series is used to separate the 
frequency components of periodic but non-sinusoidal waveforms. Through 
the use of this series, the fundamental component, the dc component and the 
harmonic components that are integer mUltiples can be separated. 

Using the exponential form of Fourier series, a periodic signal x(t) can be 
expressed as [9] 

k=cLJ 

x(t)= :L>ke1kW{ (3.35) 
k=-CfJ 

where OJ is the fundamental frequency m rad/s and the coefficients 
Ck, k == - 00, ... , 00 are given by 
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1 r -Ck =- Jj' x{t)e Ik01ldt 
To 1() 

(3.36) 

To illustrate, let us consider a signal given by 

x{t) = 0.3 + 1.5 sin w t + 0.5 sin 3w t + 0.3 sin 5w t (3.37) 

where w= lOOn. Let us choose To to be 20 ms, i.e., one cycle. Then 

1 2" 

Co = - fx{t )dwt = 0.3 
2n 0 

Note that the last three terms of (3.37) do not contribute to the average in 
determining Co. 

In order to determine the kth harmonic, the first step is to replace the 
sinusoidal terms in (3.37) by an exponential form, i.e., 

. e1k01 I _ e -jk01 1 

sm kwt = -----
2) 

(3.38) 

This form, when substituted in (3.36), results in one constant term at 
frequency kw and exponentials in the integrand. Clearly, only the constant 
term contributes to Ck. Therefore 

(3.39) 

where Mk is the magnitude of the kth harmonic component. Then 

Therefore from (3.35) we get 

() 03 1.5 ( /011 -/011) o.S( /3011 -/3{VI) 0.3 ( 15011 -15011) xt=. +-e -eo +-e -eo +-e -e 
)2 )2 )2 
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For a general function it can be shown that C.k is the complex conjugate of Ck 

[9]. This is the original x(/) given in (3.37). Note that x(t) did not have a dc 
term, the integration interval To can be reduced to 10 ms, i.e., half a cycle. 
Further note that the sub harmonics that have frequency components ()) In for 
integer n can also be extracted using the series (3.35) by choosing To to be 
integer multiples of 20 ms. 

The complex Fourier series given in (3.35) is related to the usual form as 
given below 

a 2 00 

x(t)=_o +- I{ak cos())t+bk sin())t} 
T T k~1 

(3.40) 

(3.41 ) 

The sine and cosine terms in (3.40) can be combined into a convenient single 
sinusoidal term by modifying (3.36) as 

C' =jc =_1 f x(t)e-tk (aJf-!r/2)dt 
k k T. r 

o " 
(3.42) 

The amplitude and phase of c~ is the amplitude and phase of the combined 
sinusoidal term. 

Fourier transform can be applied to waveforms that mayor may not be 
periodic. For a non-periodic waveform this will produce a frequency 
spectrum that is continuous with no fundamental component. For periodic 
waveforms the application of Fourier transform will result in a spectrum 
containing the fundamental and the harmonic components contained in the 
signal. Fourier transforms are numerically evaluated on a digital computer 
using numerical methods like discrete Fourier transform (DFT) or fast 
Fourier transform (FFT). 

Interharmonics have the potential to interfere with a power system but 
are rather difficult to detect even using FFT. For example consider the 
voltage waveform 

vet) = 0.2 + sin (()) t) + 0.6 sin(40m) + 0.3 sin (222m) 

+ 0.4 sin (246m) + 0.2 sin (288m ) + 0.5 sin(5()) t) 
(3.43) 

where ()) = 1 00 Jr. This implies that the waveform, in addition to the 
fundamental, contains dc, 5th harmonic, a sub-harmonic at 20 Hz and 
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interharmonics at III Hz, 123 Hz and 144 Hz. The waveform is shown in 
Figure 3.4 (a). We now use an FFT algorithm to find the spectrum of this 
waveform. This is shown in Figure 3.4 (b). It can be seen that the detection 
of the dc and the interharmonic components are rather inaccurate here. In 
fact the proper use of FFT to detect these components is rather an art. In [8] 
an example is given in which a Hanning window is used to limit the time 
duration over which the waveform is observed and an FFT algorithm is used 
subsequently with a four-fold zero padding. This example is repeated in [10] 
in which the FFT and windowing algorithms are also discussed and shows 
how the appropriate values can be extracted. 
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Figure 3.4. (a) Waveform containing interharmonics and (b) its spectrum 

3.3.1 On-line Extraction of Fundamental Sequence Components 
from Measured Samples 

The sequence components are sinusoidal steady state quantities. They can 
thus be obtained from the measurements of peak values and the phase angles 
once the voltages or currents are in steady state. These quantities however 
are required in many applications for on-line synthesis of voltages or 
currents. In this section we shall present an algorithm to obtain these 
components through sampling and averaging the instantaneous voltages or 
currents. 

Let us define a set of three unbalanced voltage phasor terms as 
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Their instantaneous components are then 

The phasor symmetrical components of these quantities can then be written 
from (3.9) as 

We shall now use the instantaneous symmetrical component 
transformation given in (3.16) on the instantaneous quantities and use (3.42) 
to obtain the relations given in (3.44) [11]. From (3.42) it can be seen that 
the fundamental component of a signal x(t) is given by 

C' = _1 J x(t)e-AOJl-1r/2)dt 
1 T. T a II 

Let us first consider the zero-sequence. From (3.16) we get 

We now use (3.45) with x(t) = VaO. Then we have 

1 7;,. . 
CaO =---;;:- J{Vmasm(lVt+¢J+Vmbsm(wt+¢b) 

To...;3 a 

+ Vmc sin(wt + ¢c )}(sin wt + j cos wt}dt 

The integrand of (3.4 7) can be expanded as 

(3.45) 

(3.47) 
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1 
- [Vma {cos ¢ a - cos{2wt + ¢ a)} + Vmb {cos ¢b - cos{2wt + ¢b )} 
2 

Chapter 3 

Now let us choose To such that the integrals of the double frequency terms 
are zero. We then get 

(3.48) 

Comparing the first row of (3.44) with (3.48) we can write 

(3.49) 

Let us now consider the positive sequence. From (3.44) we get 

Val == ~ {va +avh +a 2 vc } 

== ~ {Vma sin{wt + ¢J+ aVmh sin{wt + ¢h)+ a2Vmc sin{wt + ¢J} 

(3.50) 

Again using (3.45) the fundamental component of the above equation is 

The integrand of (3.51) can be expanded as 
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+ a 2Vnn {cos¢c - cos(2wt + ¢J}] + 1 [VmJsin ¢a + sin(2wt + ¢J} 
2 

+ aVmb {sin ¢h - sin(2wt + ¢h)} + a 2Vmc {sin ¢c - sin(2wt + ¢J}] 

Again since the integrals of the double frequency terms are zero, we have 

(3.52) 

Comparing the second row of(3.44) with (3.52) we get 

Val =.J2 Cal (3.53) 

Proceeding in the same way as above we get show that 

Va2 =.J2 Ca2 (3.54) 

where 

(3.55) 

We can then summarize the following from (3.49), (3.53) and (3.54) 

(3.56) 
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Note that the sequence component extraction algorithm of (3.56) use the 
Fourier integral. Therefore, it can also extract the fundamental of the 
sequence components even when the system contains harmonics or dc offset. 
The choice of the time To becomes very crucial in such cases. We shall 
demonstrate the idea with the help ofthe following examples. 

Example 3.6: Let us consider the unbalanced three-phase voltages that 
are given in the phasor form as 

Va = ILO°, Vb = 1.2L - 110° and Vc = 0.85LI 00° 

Their symmetrical component transformation (3.9) leads to the following 

[
Vao 1 [0.2552 - )0.16771 rO.3054L - 33.32 ° 1 
Val = 1.7208-)0.0475 = 1.7215L-1.58° 

Va2 - 0.2439 + )0.2153 0.3253LI38.5T 

The instantaneous voltages corresponding to the above voltage 
phasors are 

Va =.fi sin OJt, Vb = 1.2 x.fi sin(OJt -110° ) 

Vc = 0.85 x.fi sin(OJI + 100° ) 

with OJ = 100m. The coefficients CaO, Cal and Ca2 are then given by 

[
cao1 [0.1804- )0. 1186 1 rO.2159L -33.32°1 
Cal = 1.2168-)0.0336 = 1.2173L-1.58° 

Ca2 - 0.1725 + )0.1522 0.2300L138.5T 

It can be seen that by multiplying the coefficients by ...J2 we can get the 
phasor form of symmetrical components calculated above. Note that the 
above coefficients do not require the use of instantaneous samples. They can 
be obtained directly from magnitude and phase as seen from (3.48), (3.52) 
and (3.55). The next example illustrates the use of instantaneous samples for 
the case when the voltages are distorted. 
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Example 3.7: Let us now add Sth and 7th harmonic components to the 
fundamental voltages with magnitudes that are inversely proportional to their 
harmonic numbers. In addition, a 50% dc component has been added to the 
phase-a voltage. Therefore the three voltages are given by the following 
instantaneous equations 

va = 0.5 +.fi{ sin mt + {Sin Smt + ~sin 7mt} 

Vb = 1.2 x .fi{sin{mt -110° )+ {Sin S{mt -110° )+ ~sin 7{mt -110°)} 

Vc = 0.8S x.fi{ sin{mt + 100°)+ {sin S{mt + 100°)+ ~sin 7{mt + 100°)} 

We now extract the fundamental rms sequence components using (3.S6) 
with the period To being equal to 10 ms (i.e., half the time required by a SO 
Hz cycle). Thus we obtain the sequence components based on the samples of 
the previous half cycle at every 10 ms. We can then obtain the fundamental 
rms voltage of each phase through inverse symmetrical component 
transform. The instantaneous fundamental voltages can be reconstructed 
during every half cycle based on the latest estimates. This is shown in Figure 
3.S in which the actual and the extracted fundamental voltages are plotted. 
The effect of filtering out the dc component is clearly seen in phase-a. 
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Figure 3.5. Fundamental reconstruction using half-cycle averaging 
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The procedure described above is based on the samples of the previous 
half cycle. It has a 10 ms delay in estimation and a maximum delay of 
another 10 ms during reconstruction. Therefore it is not suitable for on-line 
tracking of fundamental components. The algorithm can be improved by 
using moving average in the calculation of the integrals in (3.56). The 
following example illustrates this. 

Example 3.8: Consider the integrals of (3.56). Suppose the integration 
interval of 10 ms is divided into N equal sub-intervals and samples of the 
phase voltages are obtained at each of these sample points to compute the 
integrand values of (3.56). Then the integrations are performed by 
computing the average values. Now note that the integration can be 
performed between any two points in the power cycles that are 10 ms apart. 
This is the basis of moving average filtering. In this the values of V aO , Val 

and Va2 are computed as per (3.56) at each sampling instant with the data of 
the last N integrand sample values. Since this is a continuous process, the 
settling time is just half cycle for any change in the voltages. 

To illustrate the idea, let us assume the same voltages that are given in 
Example 3.7. At the end of2 cycles, the voltages are changed to 

Va == 0.5 X J2{sin wt +±sin 5wt + +sin 7wt} 

Vh == 0.7 X J2 {sin(wt -II 0° )+ ± sin 5(wt - 110° )+ + sin 7(wt -11 0° )} 

Vc == 1.3 X J2 {sin(wl + 100° )+ ±sin 5(wt + 100° )+ +sin 7(wl + 100° )} 

The actual and reconstructed voltages are shown in Figure 3.6. It can be seen 
that the reconstructed waveforms settle within half a cycle after the voltages 
are changed. Also note that for the first half cycle the waveforms are not 
reconstructed as during this time measurements are gathered. 

Interharmonics are of potential concern to a power system. It has been 
mentioned before that they cannot be easily detected using FFT. Also the 
fundamental component extraction process discussed above will fail in their 
presence. The following example illustrates the idea. 

Example 3.9: Let us consider a set of balanced voltage waveforms that 
are laced with interharmonics. The voltages are given by 
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Figure 3.6. Fundamental reconstruction using moving average filtering 

va = .J2{sin OJ! + 0.3 sin 2.4OJt + 0.5 sin 3.8M} 

Vb = .J2{sin(OJt -120 0 )+ 0.3 sin 2.4(OJt -120 0 )+ 0.5 sin 3.8(OJt -120 0 
)} 

Vc =.J2{sin(OJt + 120 0 )+ 0.3 sin 2.4(OJt + 120 0 )+ 0.5sin3.8(OJt + 120 0
)} 
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The fundamental sequence component extraction algorithm of (3.56) is 
now applied in which the integral is computed through moving average 
filtering. The averaging window is taken to be 10 ms. The results are shown 
in Figure 3.7. It can be seen that none of the reconstructed waveforms are 
sinusoidal. 

The problem with interharmonics is that they are not integer multiples of 
the fundamental frequency. Therefore the integrals of the resulting frequency 
components do not vanish in half a cycle. In fact the waveforms given above 
have frequency components of 50 Hz, 120 Hz and 190 Hz. The least 
common multiplier of these frequencies is 11400 Hz, i.e., 228 times a 50 Hz 
cycle. Therefore the averaging time for this case must be chosen to be 114 
cycles, i.e., 2.28 s. Clearly this will result in a significant delay in obtaining 
the average following any change. Furthermore, the interharmonic frequency 
components are not known a priori. Therefore it is also not possible to 
choose a suitable averaging time that will eliminate all these frequencies to 
produce the fundamental. 
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Figure J 7. Fundamental reconstruction in the presence of interharmonics 

3.3.2 Harmonic Indices 

The amplitude of harmonic contents in a current or voltage signal is 
characterized by the total harmonic distortion (THD). The percentage total 
harmonic distortion of a voltage signal with the rms value of VI and rms 
harmonic contents of Vn, n = 2, ... , CfJ is given in (2.1). In per unit form the 
THD is given by 

(3.57) 

The problem with this approach is that the THD become infinity if no 
fundamental is present. One way to avoid this ambiguity is to use an 
alternate definition that represents the harmonic distortion. This is called the 
distortion index (DIN) and is defined as [12] 

ff7 IV} 
DIN = n=2 

~~V.2 
(3.58) 
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It can be seen that the THD and DIN are interrelated by the following 
equations 

DIN = ---,==TR=D== 
~1+THD2 

THD= DIN 
~1- DIN 2 

The following example illustrates their relations. 

(3.59) 

(3.60) 

Example 3.10: The waveform of Figure 2.10 (a) contains 50 Hz 
fundamental, plus 3fd , 5th , 7th, 9th and 11 th harmonics with their magnitudes 
being reciprocal of their harmonic numbers. In Chapter 2 its THD IS 

calculated as 43.83%, i.e., 0.4383 per unit. The DIN is then given by 

It can be seen that the values of THD and DIN obtained are in accordance to 
(3.59) and (3.60). 

Let us now consider a waveform that, in addition to 1.0 per unit 
fundamental, has a i h harmonic whose magnitude is 117. The THD and DIN 
for this waveform respectively are 0.1429 and 0.1414. It can be seen that 
these values are very close to each other. Through the Taylor's series 
expansion of (3.59) and (3.60) it has been shown in [12] that the values of 
THD and DIN are almost the same when the harmonic distortion is low. 

,1,1,1 

Since both these indices quantify the harmonic distortion their use is a 
matter of preference. For example the IEEE prefers the use of THD while the 
European bodies like IEC prefer DIN. The detection of THD in the presence 
of interharmonics in not straightforward. We can rewrite (3.57) as 
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(3.61) 

This equation remains valid even in the presence of interharmonics. 
However any waveform in the presence of interharmonics is not strictly 
periodic especially if the harmonic frequency is irrational. Thus the 
evaluation of (3.61) depends on finding the approximate value of the rms 
voltage V rms of the non-periodic waveform. However if a large number of 
cycles is considered over which the waveform is nearly periodic for the 
calculation of the rms value, then this will approximately be equal to the true 
rms value. Then (3.61) will give an almost correct indication of the total 
harmonic distortion. 

Power factor (PF) is a well known quantity to all electrical engineers. It 
is defined as 

PF=--P-
Vrmslrms 

(3.62) 

This quantity cannot however be used in a case when the voltage and current 
waveforms are not sinusoidal. In such a case a quantity like the displacement 
factor (DF) may be of interest. This is defined by [12] 

(3.63) 

where the subscript 1 refers to the fundamental components only. It can be 
seen that the displacement factor is equal to the power factor for the 
sinusoidal case. However for non-sinusoidal cases, the following inequality 
holds [12] 

PF<:;,DF 

3.4 Analysis of Voltage Sag 

Voltage dips are experienced when other customers share a common 
supply impedance with an over current event on the supply system or in 
customer premises. There are several aspects to this problem. Let us consider 
them in turn. 

At the low voltage supply a frequent cause of complaint is dips caused by 
motor starts in neighboring premises. Direct on line starts of certain classes 
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of motor in appliances such as air conditioners can provide significant 
voltage drops for fractions of a second. The severity of the dip is high when 
a low voltage transformer is rated to supply a very few customers. A higher 
rating transformer feeding a larger number of customers reduces the depth of 
the voltage dip but affects more customers. 

Faults in low voltage supply to customers have a very similar effect as 
the motor starts. The duration of the disturbance is now determined by the 
fuse characteristic in the customer premises. A fault on a higher voltage 
supply to customers such as an llkV connection can affect a much larger 
number of customers. Once again the grading of the protection between the 
local supply on customer premises and the feeder protection should mean 
that the duration is determined by customer equipment. 

Faults on the feeder can be initiated by 

- lightning strike, 
- trees or branches falling on conductors, 
- animals across lines, 
- wind causing conductors to clash together and 
- digging equipment breaking cables. 

The statistics of overhead lines indicate that 

- 70% of the faults are single line to ground. 
- 15% of the faults are double line to ground. 
- 10% ofthe faults are line to line. 
- 5% of the faults are three phase faults. 

The low impedance faults are referred to as bolted faults indicating that 
the faulted conductors are effectively bolted together. A much more common 
effect is where the fault has some finite impedance. When a line falls on 
sandy soil or there is a significant distance for an arc to jump, then the 
characteristic may have a constant voltage characteristic. In each half cycle 
there is no conduction until the voltage has risen sufficiently to cause 
conduction and this continues until the voltage falls below this level. During 
this time the voltage at the fault point is roughly constant. The process 
repeats itself on each half cycle. There is a degree of variability of the 
separations and arc path, which means that the fault voltage may vary in 
each half cycle and may demonstrate restriking. 

There are many loads that cannot tolerate voltage sags like adjustable 
speed drives, computers, programmable logic controllers etc. The ASDs are 
used in many process industries. If these drives freeze due to voltage sags, 
then that can result in the termination of the process in which these drives 
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are employed. These may result in the fall of the quality of the product or 
simply in the loss of raw material that cannot be used again. Therefore these 
undesirable events must be avoided. 

The voltage sag events must be qualified for the calculation of an index. 
Usually a sag is said to have occurred if the rms voltage in anyone phase has 
fallen below 75% of the nominal value [13]. A sag below 10% of the 
nominal value is considered as an interruption and this has to be qualified 
using the outage indices discussed earlier in the chapter. Many methods have 
been proposed for the development of a composite index of all voltage sag 
events during a defined period. Below we shall discuss a few of them. 

3.4.1 Detroit Edison Sag Score 

The Detroit Edison sag score (SS) is defined as [13] 

(3.64) 

where VA, VB and Vc are the rms values of the phase voltages in per unit. 
Even though this method is very simple to use, it does not consider the 
duration of the voltage sag. We have seen from the voltage tolerance level 
curves (e.g. CBEMA curve) in Chapter 2 that the time duration of any sag or 
swell event is an important parameter to quantify the impact of these events 
on a particular load. Therefore despite its simplicity the sag score cannot 
indicate the damage a sag event may have on a particular load. 

3.4.2 Voltage Sag Energy 

The voltage sag energy is defined as [14] 

7' { V(t)}2 
E vs = J 1 - -- dt 

o Vnonl 
(3.65) 

where V is the magnitude of the voltage and Vn()nl is the nominal voltage and 
T duration of the sag. 

3.4.3 Voltage Sag Lost Energy Index (VSLEI) 

This index gives the lost energy during a sag event as [13] 
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{ }
3.14 

W= l-~ xT 
Vnom 

(3.66) 

where V is the phase voltage in per unit of nominal voltage during a sag 
event and T sag duration in milliseconds. Note that factor 3.14 associated 
with the power of voltage is derived from the CBEMA curve. This is done 
by applying the least squares curve fitting of the log plot of the CBEMA 
curve [13]. For a three-phase sag event, (3.66) can be modified to include the 
unequal duration sag of all the phases as 

W={I_;a }3.14 XTa+{I_~}314 XTb+{I_~}3.14 xTc (3.67) 
nom Vnom Vnom 

where Va, Vb and Vc are the voltage of the three phases and Ta, Tb and Tc are 
their respective duration of sag events. Consider the following example. 

Example 3.11: Let us consider a set of three voltages that are phase 
displaced by 120°. The voltages start with a peak value of -V2 per unit when 
an unbalanced sag occurs. The instant of occurrence of the sag in the three 
phases is not the same, neither is the time when the sag disappears. Also the 
magnitudes of the sag in the three phases are not the same. The peak values 
of the voltage in phases a, band c during the sag are -V2xO.72 per unit, 
-V2xO.9 per unit and -V2xO.65 per unit respectively. The voltages are shown in 
Figure 3.8 (a). 

To compute VSLEI (W) from (3.67) we require the rms value of the 
phase voltage and the duration of the sag. The rms value can be computed 
from 

(3.68) 

where To is the time period over which the integral is computed. Note that 
the rms value can be calculated by obtaining the moving average of the 
square of the instantaneous voltage in which the time window To can be 
selected as 10 ms (half a cycle). As we have mentioned before this enables 
the rms measurement to settle to the steady state value exactly half a cycle 
following any change in the voltage. The moving averaged rms values of the 
three phase voltage are shown in Figure 3.8 (b-d). 
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Notice that rms voltage starts changing as soon as the sag occurs. 
However it takes 10 ms to reach the steady state value. We can therefore 
take minimal value as the sag voltage. We assume that the inception of the 
sag is the instant at which the moving rms voltage starts falling from the 
steady state value of 1.0 per unit. Also the sag ends at the instant in which 
the rms value starts climbing towards the steady state value of 1.0 per unit. 
The time period of the sag is then the time difference between these two 
instants. 
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Figure 3.8. Voltage sag and its moving averaged rms measurement 

Using the above simple logic the time duration of the sag is computed as 
20.5 ms, 29.6 ms and 22.7 ms. Therefore we get the following from (3.67) 

W = (1- 0.72)314 x 20.5 + (1- 0.9)314 x 29.6 + (1- 0.65)314 x 22.7 

= 1.2382 

Note that the complexities involved with the calculation of the duration 
of the sag make the Detroit Edison sag score easier to use. In this case the 
score will be one third of the sum of 0.72, 0.9 and 0.65, i.e., 0.7567. 

3.5 Analysis of Voltage Flicker 

Voltage flicker is a problem of human perception. Usually the deviation 
in the flickering voltage is much less than the threshold of susceptibility of 
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the electrical equipment. It is therefore unlikely that such voltage can cause 
damage to any equipment. However a flickering voltage will cause a 
continuous deviation in the light intensity of incandescent lamps. This 
variation is perceived as disturbing by customers particularly in the range of 
3 to 15 times per second. 

The main cause of voltage flicker is the arc loads like arc furnace, arc 
welder and arc lamp. Also starting of large motors can cause the voltage to 
flicker, as this will require a large inrush current during the starting. Electric 
arc furnaces are time varying and non-linear loads that generate random 
perturbation at the point of common coupling with the electric utility [15]. 
Such furnaces are usually used for steel melting and these units can be very 
big in size (100 MW or above). Usually a melting cycle can be divided into 
three distinct steps - drilling period, melting period and reheating period 
[15]. During the drilling period, reduced voltage and power are required for 
a short duration to reduce the material to scrap. The arc length varies 
irregularly during this period. The full voltage and power is given during the 
melting period for melting the scrap. The time required for melting is 
relatively large. Lower voltage and power is required during the reheat 
process when the arc lengths are shorter. Due to uneven arc length during the 
entire melting cycle, the bus voltage fluctuates continuously during the 
melting cycle. 

A typical fluctuating voltage is shown in Figure 3.9 (a). This is the 
voltage across a non-linear and time varying load. The load current is shown 
in Figure 3.9 (b). It can be seen that load current continuously varies and the 
load voltage continuously fluctuates. 

The IEe standard 61000-3-7 [16] presents a three-step procedure for 
evaluating loads. The first step is an "automatic acceptance" procedure that 
can be applied to assess the impact of a potential customer without detailed 
analysis. Table 3.5 shows the criteria for medium voltage (MY) connections 
for 1 kV < MY < 35kV which specifies the maximum allowable ratio of load 
power variation !1S to the available short circuit power Sse as a function of 
the fluctuation rate. Fluctuating loads connected directly to a high voltage 
(HV) supply for 35 kV < HV < 230 kV can be accepted without further 
study provided the ratio SmaxiSsc < 0.1 % where Smax is the maximum load 
power. 

The consequence of these flicker standards is to encourage connection of 
potentially disturbing loads to higher voltage supplies. For large arc furnaces 
there is a limit to the extent that the connection point selection can solve all 
the problems. Reactive voltage controllers may then be required to correct 
the voltage within the specified limits. 
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Table 3. 5. Maximum possible load variations for automatic acceptance of MV loads 
Number of variations per minute (R) t-,S/Ssc 

R> 200 0.1 
10 < R < 200 0.2 

R< 10 0.4 

Power quality problems are as old as power distribution through feeders. 
Therefore at least the partial mitigation of these problems existed even 
before the advent of power electronic controllers. We shall call these 
conventional mitigation techniques. We shall now discuss some of these 
techniques. However it must be appreciated that these conventional 
techniques are not flexible and in no way can match the performance of the 
power electronic controllers. 
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Figure 3.9. Voltage flicker due to time varying, non-linear load 

3.6 Reduced Duration and Customer Impact of Outages 

The duration of an outage and the number of customers involved are key 
parameters to address when seeking to improve power quality. The 
conventional approach to reduce impact of faults is by the use of reclosers 
and provision of alternate paths of supply. When a fault occurs on a radial 
feeder the feeder breaker needs to open for safety and to prevent equipment 
damage. This leaves every customer on that feeder without supply. Up to 
70% of faults on overhead lines are transient in nature and if a circuit 
breaker recloses there is a good chance that the lines that clashed have 
separated or the branch that fell on the lines has fallen to ground. A common 
practice in Australia is to have 2 attempts to reclose first at a short interval 
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less than 5 seconds and next at an interval up to 30 seconds. If this fails then 
the circuit is locked out until manual line inspection can occur. This use of 
reclosing can significantly reduce the customer minutes lost for a 
distribution company but its customers will still experience an outage which 
will stop their computers, fax machines and will have clocks on ovens, 
microwaves, stereos, VCRs, clock radios all flashing. 

For permanent faults in urban areas air break switches (ABS) and 
Normally Open Tie Switches (NOTS) are the main tools to restore supply. 
The ABS are shown as 'X' on Figure 3.10. The NOTS connecting to feeders 
from the same substation are shown in lower case while NOTS to feeders 
from other substations (not shown in the figure) are shown as Capitals. 

The aim is to determine the faulted segment and open air break switches 
on either side of the fault. The main circuit breaker can now be reclosed and 
the supply restored to the upstream side. In many cases a connection to 
another intact feeder from the same or nearby substation has been designed 
into the system, thus supply can be restored to customers downstream of the 
faulted section. Once the faulted section is repaired it usually reqUires 
another break in supply while the original configuration is restored. 
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Figure 3.10. System Topology diagram for an IlkV Net 

3.7 Classical Load Balancing Problem 

60 70 

The traditional approach to load balancing is to connect equal nominal 
loads to each phase. Normally the load diversity is sufficient so that severe 
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imbalance will be very infrequent. For larger loads, diversity is not sufficient 
and connection agreements limit the size of single-phase loads that can be 
connected without negotiation. Where load imbalance is unavoidable, the 
point of common coupling can be reinforced by a stronger supply, or the 
offending load more is made isolated by insertion of a separate high voltage 
connection via transformer. 

Below we discuss the classical load balancing problem that has been first 
introduced by Charles Steinmetz [17]. We shall discuss the open-loop 
approach first and then present how this can be implemented in closed-loop 
through thyristor-based controllers. 

3.7.1 Open-Loop Balancing 

The load here is represented as a ~-connected set of admitances, Yab, Y"c 
and Yea as shown in Figure 3.11. Let us decompose the load admittance into 
real and imaginary terms, such that 

Yab = Gab + jBab 

Ybe = Gbc + jBbc 

Yea = Gea + jBea 

(3.69) 

The basic idea of load compensation is to connect three purely reactive 
elements (susceptances) Byah, Bybc and By to in parallel with the load (see 
Figure 3.11). Let us first compensate for the reactive portion of the load such 
that it becomes unity power factor. To do that let us define 

B yab = B yab (1) + B yab (2) 
Byhc = B yhe (1) + B ybc (2) 

Byea = Byca (1)+ B yea (2) 

where 

B yab (1) = -Bab 

B ybc (1) = -Bhc 

Byea (I)= -Bea 

(3.70) 

(3.71 ) 

The overall load is now real. However, it still is unbalanced. Thus to balance 
it we must determine the components Byab(2), Bybc(2) and ByeaC2) of the 
compensator. 
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Figure 3.11. Scheme for balancing an unbalanced i\-connected load 
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Since the load is ~-connected, the zero-sequence current is zero. We 
must therefore choose the susceptances Byab(2), Bybc(2) and Byei2) in such a 
way that the negative sequence current through the load is forced to zero. 
The compensation algorithm depends on the exact voltage applied. For this 
discussion the voltage is assumed to be pure positive sequence and has line
to-line rms value of 1.0 per unit. The sequence currents lao, lal and la2 can 
then be obtained using (3.10). Now from Figure 3.11, we have 

The negative sequence of the line current can then be found in terms of 
the phase currents as 

(3.72) 

The reactive components for balancing are connected in ~. Let us assume 
Vab = 1, Vbe = a2 and Vca = a. Then the negative-sequence component for the 
line currents that is flowing through the added compensation of Byah(2), 
Bybe(2) and Byci2) can be found as 

la2 = ~ (1- a 2 ~jVahByah(2)+ ja2VhcByhc(2)+ ja Vca Byca (2)} 

= ~ (1 - a 2 ~jB yab (2) + jaB ybc (2) + ja 2 B yca (2)} 
(3.73) 
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This must cancel the negative sequence current due to the load 
conductances. Thus 

~ (1 - a2 XjBYab (2)+ jaBybe (2) + ja 2 Byca (2)} 

+ ~ (1 - a 2 ){cab + aG he + a 2 G eJ = 0 
(3.74) 

The positive sequence of the balancing compensator yields 

As we want the compensated load to be unity power factor, the imaginary 
component of the above equation must be zero. Therefore, 

(3.75) 

Separating the real and imaginary parts of (3.74) and combining with 
(3.75) we get 

[
0 -.fi12 
I -1/2 
1 1 

Solving the above equation we get 

-1 1] [Gah j o -1 Gbe 

1 0 Gea 

1/2 
- .fi12 

o 
(3.76) 

(3.77) 

Combining (3.71) and (3.77) and substituting in (3.70) we get the 
susceptances that will balance the unbalanced load as 

[
Byab] [Bab] [0-1 
B ybe = - B be + ~ ~ 0 

Byca Bea 1 

(3.78) 
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Example 3.12: Let us consider the following unbalanced ~-connected 
load 

Zab = 6.0 + j3.0 per unit 

Zbe = 3.0 + jl.5 per unit 

Zea = 7.5 + jl.5 per unit 

The admittances are then 

Yab = 0.1333 - jO.0667 per unit 

Ybe = 0.2667 - jO.1333 per unit 

Yea =0.1282- jO.0256 per unit 

The compensator susceptances will then be 

Byab =0.0667+ (0.1282-0.2667)/FJ =-0.0133perunit 

Bybe =0.1333+(0.1333-0.1282)/FJ =0.1363perunit 

B yea = 0.0256 + (0.2667 - 0.1333)/ FJ = 0.1025 per unit 

The cumulative load and compensator (we refer it as compensated) 
admittances are then 

Ye~:p = Yab + jB yab = 0.1333 - jO.0799 per unit 

Ye~)~p = Ybe + jBybc = 0.2667 + jO.0030 per unit 

Ye~;,p = Yea + jByea = 0.1282 + jO.0770 per unit 

Let us assume Vab = 1, Vbe = a2 and Vca = a. The phase currents are then 
lah = 0.1555L:- 30.95° per unit, he = 0.2667 L:- 119036° per unit and 
lea = 0.1495L:150.98° per unit. We then get the following values of the line 
currents 

I a = 00305L: - 30° per unit 

Ib =00305L:-150° per unit 

(. = 00305L:90° per unit 
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It can then be seen that even if the phase currents are unbalanced, the line 
currents are balanced. This implies that the source sees the compensated load 
consisting of three equal Y -connected resistors that have a value of 
lICh x 0.305) = 1.8929 per unit. It is interesting to note that 

1 --- = 0.5282 = Gah + Ghc + Gca 
l.8929 

The classical load balancing problem has been used in power systems 
using static var compensators. There are various ways in which loads can be 
balanced using SVCs. A direct implementation of the Steinmetz equations 
will allow a measured unbalanced load to be balanced by applying 
appropriate reactive elements between phases. We now discuss the balancing 
of the negative phase sequence (NPS) problem discussed in Chapter 2 
(Section 2.2.5). Here the balancing compensator is on the secondary of a Y / f... 
transformer and the Steinmetz equations required are modifird to allow for 
the phase shift of the sequences through the transformer. 

Two Queensland Railway substations are shown in Figure 2.19, of which 
we consider the Grantleigh substation. The SVCs used in the load balancing 
in Queensland Rail have fixed capacitors and a thyristor controlled reactor 
(TCR) on the secondary of a star-delta transformer as shown in Figure 3.12. 
Note that the fixed capacitor bank is configured as a third and fifth harmonic 
filter with a combined unsymmetrical rating of 11, 5, 11 MY Ar for phases 
RS, ST and TR respectively [18]. 

Traction loads that produce NPS currents which exceed the balancing 
capability of the SVC will cause the NPS voltage at the subject busbar to rise 
dependent only on the negative sequence impedance of the supply at the 
point of common coupling. Figure 3.13 shows the correlation between NPS 
voltage magnitude at the Grantleigh 132 kV bus bar and railway loads in 
phase pair AB measured at Grantleigh on the 50 kV busbar. The point at 
which the SVC reaches its maximum capability and the NPS begins to rise 
occurs at approximately 220 A [18]. The residual NPS voltage of 
approximately 0.2% occurs because of the open-loop nature of the Steinmetz 
compensator. The correction for load imbalance is compensated but the 
background transmission line NPS is not seen and not corrected. 

3.7.2 Closed-Loop balancing 

An alternative is to directly control the busbar voltages in such a way as 
to minimize the NPS voltage component. The latter method takes into 
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account of any imperfectly transposed transmission lines and other sources 
of unbalance. For suppression of all NPS components, the load balancing is 
not based on impedance measurement but on feedback control of the reactive 
components. Consider the line currents contributed by the reactive elements. 
They are found from the currents in each element. 

I 132kV 

= 36MVA 

5.1 kV 
R----~----------~~------_T-----------
s----~--~------~--r-------~~r_-----
T----~--+_--r_--~--+-~----~~~~----
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Figure 3. /2. Structure of FC-TCR SVC used at Grantleigh 

0.0 1000 200.0 300.0 400.0 

Transformer AS Current (A) 

Figure 3. /3. Correlation ofNPS voltage at PCC with loads in the AB phase at Grantieigh 

Provided the voltages at the compensator are close to positive sequence 
at angle Bthe line currents can be found as 
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o 
(3.79) 

Let us choose a control law to make the reactive element current 
proportional to the magnitude of the voltage error from the balance 

When this current is flowing through a line of impedance jX, the resulting 
change in phasor voltage response is 

(3.80) 

The line to line voltage response then satisfies 

-1 0] [ 1 
1 -1 x -1 

010 

a~ - ~][I~~: I] 
_a2 a I~Vcal 

(3.81 ) 

For small changes in voltage the magnitude change is the component of 
the voltage aligned with the phase voltage. The phasor Vah is at angle B+ 30° 
and therefore we take the product of the above equation with a unit vector at 
- B- 30° to find the approximate magnitude change, i.e., 

- ~ - ~][- ~ ) - ~] 
o 1 0 _a2 a 
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The above equation reduces to 

(3.82) 

Note that the line-to-line voltage can have no zero sequence component, 
thus the equation reduces to a separate phase result 

(3.83) 

The correction in the compensator voltage from the line drop causes changes 
in the magnitudes of the line to line voltages which are in the opposite sense 
to the errors. Any zero sequence error is unable to be corrected because of 
the delta connection of the compensator. If the correction always has a finite 
gain, the voltage will converge towards positive sequence, but there would 
always be a residual offset due to the finite gain of the feedback law. From 
the analysis above we can conclude that integral controllers can provide for 
voltage balance and positive sequence correction, provided the unbalance of 
the voltage is limited. 

Example 3.13: An experimental result is reported in [19]. The 
experimental setup contained an inductive transmission line, a switched Y
connected RL load and a transformer connected TSC. Three TSC banks are 
connected in paraIlel. The values of the capacitances are chosen such that the 
TSC can be switched in a binary fashion to give seven different levels. The 
TSCs banks are connected in delta and are rated 415 V (line-to-line) and 
40 kV A. The reactance of inductor modeling the transmission line has been 
6.75 Q. The unbalanced load contains a Ion resistor in each phase that is 
connected in series with an inductor. The reactances of the inductors are 
116 n, 45 Q and 233 Q for the three phases. The schematic diagram of the 
TSC along with its control circuit is shown in Figure 3.14. The TSC circuit 
contains an inrush current limiting inductor, an RC snubber connected across 
the back to back thyristors and the main capacitor bank. 

The capacitor bank in phase ab is incremented when the voltage Vah is 
low. This independent control of the phases was shown to be satisfactory 
theoreticaIly in this section and was confirmed in this experiment. Figure 
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3.15 shows the correction of voltage in one phase. Note that the use of 
discrete steps in the compensator means that there will be some residual 
imbalance in the system. The use of TSC is only suitable for correction of 
voltage drops and would require inductors to correct for undervoltages. 

BU9blll' 
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Figure 3.14. Schematic diagram of the TSC and its control scheme 
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Figure 3.15. Error in line-to-line voltage with TSC control 

3.7.3 Current Balancing 

If the supply voltage is close to positive sequence, the current through the 
compensator can be made equal to the negative sequence current generated 
by an unbalanced load. Let us assume that the positive sequence line-to
neutral voltages are given by Va = 1, Vh = a2 and Vc = a. The line-to-line 
voltages then are 
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(3.84) 

The current flowing in the delta are obtained from the above voltages as 

(3.85) 

The line currents are then given by 

(3.86) 

The sequence currents are found as 

Solving the above equation we get 

(3.87) 

Thus the compensator cannot deliver zero sequence current, the positive 
sequence contribution is at a fixed angle while the negative sequence 
component can be at an arbitrary angle. Let the desired negative sequence 
current be c + jd and the desired positive sequence current is je. Then we 
have 
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/J = (Bab + Bbc + BcJ 

c + jd .( 1 . J3 1 . J3 1 ~=-J (--- J-)Bab +Bbc +(--+ J-)Bca 
,,3 2 2 2 2 

which can be expressed as 

e 

J3 Bah 

c J3 
0 

J3 = Bbc J3 2 2 
(3.88) 

d 1 
-1 

1 
- - Bea 

J3 2 2 

From (3.88) we get 

1 J3 1 
- -

[BOb 1 2 2 2 

[;1 Bbe = 3~ 1 
0 - -1 

2 
Bca 1 J3 1 

(3.89) 

-
2 2 2 

Thus a solution can be found in terms of the required compensator 
current for the compensator admittances. Naturally when no zero sequence 
correction is required all reactances are equal. This result is only strictly true 
for positive sequence voltage at the compensator and load terminals. 

3.8 Harmonic Reduction 

The most common concentrated source of harmonics is the rectifier front 
end on motor drives and converters, fluorescent lamps and computer power 
supplies. When the load is a large rectifier then changing from six pulse 
rectifiers to twelve pulse or even up to 48 pulse can significantly reduce the 
strength of low order harmonics. Perfect cancellation of the low harmonics 
requires perfect symmetry of transformers and impedances and practical 
systems will always have some residual low order harmonics. The voltage at 
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the point of common coupling with other customers may have low 
harmonics if the source impedance at that point is low. 

Because of the adverse effects that harmonics have on loads, standards 
have been developed to define the worst case environment that 
manufacturers should design equipment to operate within. The standards 
also set a basis for defining responsibility for correction if a new load is to be 
connected which could have adverse effects. 

The Institute of Electrical and Electronics Engineers (IEEE) sets limits to 
the permitted voltage distortion at the point of common coupling (PCC) in 
IEEE 519 [20] which are largely adopted in North America. The PCC refers 
to the location in the network where other customers may be connected. This 
distinction can be important where a distorting load is fed from a dedicated 
line and the substation represents the lower distortion point of the network 
where other customers may be connected. Let us define Vn to be the per unit 
voltage (with respect to the fundamental) of the nIh harmonic component. 
Then the individual harmonic components and the THD at the PCC are 
given in Table 3.6. 

Table 3.6 IEEE 519: Voltage distortion limits [20] 

Bus Voltage at pee Individual VII (per unit) 

Less than 69 kV 3.0 
Between 69 kV and 
161 kV 

Above 161 kV 

1.5 

1.0 

Voltage THO (percent) 

5.0 
2.5 

1.5 

IEC divides load into three classes. In this Class-l refers to low voltage 
public supply and Classes 2 and 3 refer to industrial loads. The IEC 
recommended voltage distortion levels for the three classes are given in 
Tables 3.7 to 3.9 [21,22]. The total harmonic voltage distortion for Class-l 
must be below 8 %, while those for Classes 2 and 3 must be below 10% for 
all harmonics up to 40. As we have mentioned before, the IEEE 
recommended practices are popular in the North America, while IEC 
standards are followed all over Europe. Therefore there is no uniform 
guidelines about the magnitude of the tolerable harmonic distortion. 

For low power equipment, limits are also set on the permitted current 
distortion by IEC 61000-3-2 and are given in Table 3.10 [23]. IEEE 519 
current harmonic standards are different for distribution, subtransmission 
and transmission systems [20]. The limits for distribution and transmission 
systems are given in Tables 3.11 and 3.12 respectively. The limits for 
subtransmission systems (69-161 kV) are half of the corresponding limits of 
the distribution systems. 
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Table 3. 7. IEC 61000-2-2: Voltage distortion limits in public low-voltage networks (Class-I) 
[21] 

Odd harmonics Even harmonics Triplen Harmonics 
n VII (pu) n 1"" (pu) n VII (pu) 

5 6 2 2 3 5 

7 5 4 I 9 1.5 

II 3.5 6 0.5 15 0.3 

13 3 8 0.5 > 21 0.2 

17 2 10 0.5 
19 1.5 ~12 0.2 

23 I. 
25 1.5 
~ 29 x 

x = 0.2 + 12.5/n 

Table 3.S. IEC 61000-2-4: Voltage distortion limits in industrial plants (Class-2) [22] 

Odd harmonics Even harmonics Triplen Harmonics 
n VII (pu) n VII (pu) n VII (pu) 

5 6 2 2 3 5 

7 5 4 I 9 1.5 

II 3.5 6 0.5 15 0.3 

13 3 8 0.5 ~ 21 0.2 

17 2 IO 0.5 

19 1.5 >12 0.2 

23 1.5 

25 1.5 
~ 29 x 

x = 0.2 + 12.51n 

Table 3.9. IEC 61000-2-4: Voltage distortion limits in industrial plants (Class-3) [22] 

Odd harmonics Even harmonics Triplen Harmonics 

n VII (pu) n VII (pu) n VII (pu) 
5 8 2 3 3 6 
7 7 4 1.5 9 2.5 

II 5 >6 15 2 

13 4.5 21 1.75 
17 4 ~ 27 

19 4 
23 3.5 

25 3.5 

~ 29 Y 
y = 5"( 1111n) 

The current limits in these tables are given for odd harmonics. The even 
harmonics are limited to 25% of the odd harmonics limits. For a1l power 
generation equipment, distortion limits are those with lsc1h < 20, where lse 
is the maximum short circuit current at the pee and h is the maximum 
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fundamental frequency of 15 or 30 minute load current at the Pce. Total 
demand distortion (TDD) is the total root-sum-square harmonic current 
distortion in percent of the maximum demand load current for 15 or 30 
minute demand. This means that TDD is essentially the THD, but 
normalized by h. 

Table 3.10. lEe 61000-3-2 maximum permissible harmonic currents for class 0 equipment 
(current limited to less than or equal to 16 A per phase) [23 J 

n 3 5 7 9 11 13 15 to 39 

MaxIn 2.3 1.14 0.77 0.40 0.33 0.21 0.15 -
(A) 0.151n 

Table 3.11. IEEE 519 current distortion limits for distribution s~stems (120 Y - 69 kY) [20] 

I,/Ir (%) TOO (%) 
Isc1h n < 11 II ~ n < 17 ~ n < 23 ~ n < 35 ~ n 

17 23 35 
< 20 4.0 2.0 1.5 0.6 0.3 5 

20-50 7.0 2.5 2.5 1.0 0.5 8 

50-100 12 5.5 5.0 2.0 1.0 15 
100- 12 5.5 5.0 2.0 1.0 15 
1000 

> 1000 15 7.0 6.0 2.5 1.4 20 

Table 3.12. IEEE 519 current distortion limits for transmission systems (> 161 kY) [20] 

I,/Ir (%) TOO (%) 
IsclIr n < I 1 II ~n < 17 ~ n < 23 ~ n < 35 ~ n 

17 23 35 
< 50 2.0 1.0 0.75 0.3 0.15 5 
;::50 3.0 1.5 1.15 0.45 0.22 8 

There are two approaches conventionally applied to reduce harmonic 
problems when they arise. These are 

- Reduce the level of harmonics from the source. 
- Correct at the PCC or deep into the network. 

The source reduction may involve a higher pulse number in rectifiers to 
achieve some net cancellation of lower harmonics. It could include filtering 
components within the equipment. Network solutions could include 
changing the placement of capacitor banks to reduce resonance. However the 
more common requirement is to install harmonic filters to provide a 
preferential path for harmonic current. Typically this consists of a set of 
shunt LC filters tuned for each of the troublesome frequencies often 
combined with a general high pass filter to attenuate the higher frequency 
distortion. 
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The difficulties with the use of such filters are 

- The power system Thevenin equivalent is variable and the design for the 
harmonic filter must make some worst case assumptions about the 
equivalent source impedance. 

- The best filtering occurs for a sharply notched filter but the design of 
each filter needs to take into account the fact that line frequency is not 
rock steady and a variation of as much as 0.5 Hz is possible. Larger 
deviations can occur in small systems with low total inertia or in 
countries with inadequate generation resources. This deviation means 
that a i h harmonic filter for a 50 Hz system may need to be designed for 
the required harmonic reduction between 346.5 Hz and 353.5 Hz. 

- As components age their impedance value varies. This is particularly true 
for capacitors. The filter must thus be designed for some degree of 
tolerance of components as well as incorporation of tuning elements to 
restore the center frequency to nominal. 

The design of tuned filters is reported in [15,24]. However the best option 
as per as harmonic reduction is active filtering. This will be discussed in 
detail in Chapters 7 and 8. 

3.9 Voltage Sag or Dip Reduction 

The duration of a voltage dip is limited by the ceasing of the transient 
causing the sag or by fault clearing through the operation of a protective 
device. For a motor start transient the duration is set by the run-up time of 
the motor. For a conductor clash the system may not experience a follow 
through arc and the fault will self clear at the next zero crossing. A branch 
could brush against a line and cause a temporary line fault. More commonly 
a circuit breaker or fuse must operate to break the fault current and provide 
sufficient time for the ionized air to dissipate and recombine. For many 
distribution circuit breakers and fuses there are characteristics which 
determine the clearing time setting. A very high fault current initiates a very 
rapid trip while a fault producing a mild overcurrent may take a minute or 
more before the protection operates. 

The depth of the voltage dip and the number of customers affected to a 
given level depends on the fault model and the distribution and level of 
source impedance. Consider a high impedance transformer feeding two 
feeders as in Figure 3.16 (a). A severe fault on a feeder, such as on Bus 2 of 
the left feeder, will cause voltage dips for all customers on both feeders until 
the circuit breaker on the left feeder operates producing an outage for those 
customers. Those on the right feeder will experience a sag until the breaker 
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clears the faulted feeder. For the second case in Figure 3.16 (b) there will be 
only a mild sag on the right feeder for the fault on bus 2. All customers on 
the left feeder will experience an outage until the fault is cleared and the 
breaker reclosed or until the faulted section is isolated and supply is given 
through an alternate feeder. 

@4 \AlV~ = = 
G)-+--

G) G) 
(a) (b) 

Figure 3./6. (a) Common source impedance and (b) separate source impedances 

The vast majority of faults are single line to ground. This means that the 
fault current can be limited by inclusion of additional impedance in the zero 
sequence path. For example consider the distribution system of Figure 3.17. 
A standard adopted in many countries is the use of star delta transformers 
with the delta always on the high voltage side. For a line to ground fault on 
the line to the customer premises, the zero sequence current must flow 
through the neutral of the transformer at Bus-2. Inclusion of a neutral 
earthing Reactor or neutral resistor on the star side of transformers can 
significantly reduce fault currents. If phase-a of the line is faulted, the line 
voltages will show a zero sequence offset but this will not be seen by 
customers on the far side of the star delta transformers who will thus only 
experience a mild voltage dip. The disadvantage of a large impedance can be 
in the overvoltage transient created on the unfaulted phase leading to 
insulator breakdown. 

If a feeder is of high impedance, then for faults at the far end even a high 
impedance fault can cause a severe depth of sag in the proximity of the fault. 
But the high impedance can mean that there is little sag for customers 
connected near the substation. For a low impedance line, a high impedance 
fault will cause only mild voltage dips. One of the severe difficulties for 
rural supplies using overhead lines is that there is a long length of exposed 
line with each of the branching feeders. In many cases there is a common 
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source impedance so a line or medium voltage customer fault can cause a 
voltage dip over areas of hundreds of square kilometers. 
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Figure 3.17. Fault current reduction through neutral earthing impedance 

If there are some industrial customers very sensitive to voltage dips, the 
frequency of faults on that feeder can be reduced by setting switches such 
that only a short line section becomes part of the industrial feeder. This 
reduces the exposure to faults. This will not however greatly affect voltage 
dips unless the common source impedance is kept very low. For voltage drop 
under loads and for loss reduction it may be desirable to operate 
transformers as in Figure 3 .16 (b) in parallel by joining buses 1 and 5. From 
the viewpoint of voltage dips it is essential to keep the buses split. 

The expected sag level in a distribution system can be predicted by 
knowing the system structure, the distribution of faults per kilometer of line, 
and the distribution of fault impedances. For a radial distribution system the 
faults can be applied in sequence to each bus to determine the voltages for 
all other buses. The duration of the dip is determined by the protection 
characteristics. Thus knowing the fault location and impedance, the duration 
of the fault until it is cleared can be determined. Recording the depth and 
duration and based on the fault probability, a probability assignment table is 
formed. When all buses have been examined, the probability of occurrence 
and its duration are recorded, the probability of crossing the CBEMA curve 
is established. The probability contours can indicate sensitive system areas 
or where tuning of protection can aid in sag effect reduction. 

3.10 Conclusions 

The power quality aspects discussed in this chapter are: voltage dips, 
surges, harmonics, flickers, momentary outages and extended outages. There 
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are two main aspects of power quality that are reported frequently. These are 
momentary outages or dips sufficient to trip equipment and the extended 
outages. Harmonic levels do not usually result in high levels of customer 
complaint in most circumstances. One issue that does arise is where ripple 
control signals are used for switching street lights and hot water systems. 
High harmonic levels have been known to cause false switching of these 
ripple controlled hot water systems and the customer complaints are 
generated in response to customers experiencing cold showers. 

In this chapter we have discussed the power quality standards and 
conventional mitigation techniques to the power quality problems. In 
addition to the mitigation techniques discussed above, the use of shunt 
capacitors to provide reactive power support is well known [17]. In addition, 
series capacitors are also used in distribution systems. The traditional 
method of voltage feeder mitigation involves reconfiguration of the feeders 
or substations. It is however reported that series capacitors can mitigate 
voltage flickers [25]. These capacitors however can lead to both 
ferroresonance problems involving transformers and subsynchronous 
resonance problems including motors. Usually such series capacitors have a 
bypass switch and a zinc-oxide arrester in parallel. The arrester restricts the 
voltage across the device and the bypass switch can remove the capacitor 
from the line in case of a fault. 

It must however be emphasized here that none of the conventional 
mitigation techniques are flexible. For example a tuned filter, which is tuned 
to eliminate the 5th harmonic, can lead to resonance at some other frequency 
depending on the network configuration and harmonic component of the 
load. Therefore it is imperative that better and flexible mitigating devices are 
used for power quality problems. In the next chapter we introduce the 
concept of custom power and the custom power devices that provide us with 
a flexible choice to alleviate the problems. 
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Chapter 4 

Custom Power Devices: An Introduction 

The concept of custom power was introduced by N. G. Hingorani [I). 
Like flexible ac transmission systems (FACTS) for transmission systems, the 
term custom power (CP) pertains to the use of power electronic controllers 
for distribution systems. Just as FACTS improves the reliability and quality 
of power transmission by simultaneously enhancing both power transfer 
volume and stability, the custom power enhances the quality and reliability 
of power that is delivered to customers. Under this scheme a customer 
receives a prespecified quality power. This prespecified quality may contain 
a combination of specifications of the following 

- Frequency of rare power interruptions. 
- Magnitude and duration of over and undervoltages within specified 

limits. 
- Low harmonic distortion in the supply voltage. 
- Low phase unbalance. 
- Low flicker in the supply voltage. 
- Frequency of the supply voltage within specified limits. 

There are many custom power devices. The compensating power 
electronic devices are either connected in shunt or in series or a combination 
of both. In addition there are current breaking devices that are power 
electronic based. Anyone or a combination of two or more of these devices 
are used to fulfill each one of the above mentioned objectives. 

In this chapter we shall introduce the concept of all these custom power 
devices. We shall also discuss the concept of Custom Power Park that can 
serve customers who demand high quality power and are ready to pay a 
premium price for service provided to them. The high quality power 
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supplied to the customers in a custom power park can also have different 
grades of supply quality. We shall start our discussion with utility-customer 
interface problem in which we shall discuss what a customer can expect 
from the utility and what the utility in return can expect from its customers. 

It is however to be realized that the use of custom power is still in its 
infancy. Therefore, there is limited experience from custom power 
equipment installations. There is also an apparent reluctance in the 
community to disclose such experience even if it is positive. There is 
definitely no discussion of any negative experience. It is a common belief 
amongst the manufacturers and utilities alike that a substantial competitive 
advantage can be gained if the know-how of custom power equipment is not 
made available to others. We have therefore developed our models of the 
custom power equipment and tried to study these devices objectively. In this 
chapter we shall try to analyze the situation from a global standpoint rather 
than from the load perspective only. 

4.1 Utility-Customer Interface 

Consider the radial distribution system shown in Figure 4.1. It contains 
three load buses that are supplied by a source. As we have seen in Chapter 2 
that if any of these three loads is unbalanced, it will cause unbalanced 
currents to flow through the feeder. This will also result in unbalanced bus 
voltages which will affect all the customers. Similarly, a load drawing 
harmonic current will also distort all the bus voltages. Further an arc furnace 
will cause the bus voltage to flicker thereby affecting all other loads 
connected to that bus. Therefore the question that needs to be asked is "Who 
has the responsibility to safeguard the quality of power being supplied?" 

For example, let us assume that a load (or a group of loads) connected to 
Bus-3 is drawing unbalanced, harmonic current. In addition, the load power 
factor is poor. This will obviously lead to unbalance and distortion in other 
system quantities which will be undesirable to other customers. Also poor 
power factor will cause large resistive losses and voltage drop in the feeders 
that might be undesirable to the utility. The utility can then ask the customer 
of the polluting load to install corrective measures. It is well known that 
shunt capacitor is a good solution for correcting poor power factors. 
Similarly tuned filters are also used with power electronic loads to bypass 
harmonic currents. The problem of load balancing is also not new, as it dates 
back to Charles Steinmetz [2]. However, as we shall discuss later in this 
chapter, all these functions can be performed by a single shunt connected 
device that operates in the current control mode. Il will be the responsibility 
of the customer of the polluting load to install the shunt connected device at 
his own premises such that he draws a pure sinusoidal current from the; bus. 
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Figure 4.1. Single line diagram of a radial distribution system 

Now suppose the customer of the polluting load refuses to install a shunt 
device. The utility can then impose a financial penalty on the customer. 
Since the shunt device will require heavy initial installation expenditure in 
addition to the day-to-day running expenditure, the customer may find it less 
expensive to pay the penalty. Then the distortion and unbalance in bus 
voltages will persist. Let us now assume that Bus-3 supplies an industrial 
area containing fairly large loads. Then their refusal to install a shunt device 
may create severe problem to customers at other buses. One option for the 
utility is to connect a shunt device at the bus itself such that the current at the 
left of this bus is sinusoidal and charge all the customers of Bus-3 for the 
installation and running cost. 

Now due to the presence of large polluting loads at Bus-3, the customers 
of Bus-2 suffer the most. Since Bus-l is situated near the source and may be 
separated from the source only by a small source impedance, the impact of 
the unbalance and distortion on its voltage will be minimal. This will not be 
true for the voltage of Bus-2. It will then be the responsibility of the utility to 
correct the bus voltage to within a specified limit. This can be done by 
installing a shunt device that operates in the voltage control mode. Suppose 
Bus-2 contains some sensitive loads that require nearly sinusoidal voltage, 
then a further level of compensation to meet the customer needs may be 
undertaken on negotiation between the sensitive customer and the utility. 

As mentioned in Chapter 3, arc furnace can cause voltage flicker in the 
bus voltage. Suppose one of the loads in any of the buses is an arc furnace. 
Then it will cause the voltage of that bus to flicker. This problem can also be 
alleviated by installing a shunt device that operates in the voltage control 
mode. In fact as the custom power technology matures, it might be 
mandatory to install a shunt device with every arc furnace unless it is on a 
dedicated feeder. 
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Now consider a new situation and suppose Bus-3 is remotely located, i.e., 
the distance between Buses 2 and 3 is substantial. In addition, assume that 
Bus-3 has a process load that cannot tolerate voltage sag/swell or 
interruptions. In that event the utility can install a series device to protect the 
process industry from short duration voltage variations such that the rms 
value of the Bus-3 voltage is maintained constant. The series device can 
tightly regulate the Bus-3 voltage and can act as an active filter to prevent 
the harmonic component of the line current from distorting the Bus-3 
voltage. 

A unified power quality conditioner (UPQC) is a combination of a shunt 
and series device and can combine the functions of these two devices 
together. For example installation of this device at Bus-3 ensures that Bus-3 
voltage is regulated and maintained sinusoidal while at the same time the 
total current drawn by the loads and compensator at Bus-3 is also maintained 
sinusoidal and at unity power factor. This can be achieved irrespective of 
unbalance or harmonics in the supply side or in the load side. It is however 
an expensive device and its use may be limited to particularly sensitive 
situations with a high value on power quality. 

In addition to the shunt and series devices and their combination, there 
are solid state current limiting, breaking and transferring devices that use the 
advancements in the power semiconductor technology to provide very fast 
service. These devices are much faster than their mechanical counterparts. 
The custom power park concept envisages the use of these devices to 
provide near interruption-free power to the valued customers. Usually these 
devices are installed, maintained and operated in a coordinated fashion by 
the power distribution companies. 

4.2 Introduction to Custom Power Devices 

The power electronic controllers that are used in the custom power 
solution can be network reconfiguring type or compensating type. The 
network reconfiguration devices are usually called switchgear and they 
include current limiting, current breaking and current transferring devices. 
The solid state or static versions of the devices are called 

- Solid state current limiter (SSCL) 
- Solid state breaker (SSB) 
- Solid state transfer switch (SSTS) 

The compensating devices either compensate a load, i.e., correct its 
power factor, unbalance etc. or improve the quality of the supplied voltage. 
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These devices are either connected in shunt or in series or a combination of 
both. The devices include 

- Distribution ST A TCOM (DST A TCOM) 
- Dynamic voltage restorer (DVR) 
- Unified power quality conditioner (UPQC) 

In this section we shall introduce these devices and will discuss only their 
idealized behavior. 

4.2.1 Network Reconfiguring Devices 

The schematic diagram of a solid state current limiter is shown in Figure 
4.2. It consists of a pair of opposite poled switches in parallel with the 
current limiting inductor Lm. In addition, a series RC combination with a 
resistance of Rs and a capacitance of Cs is connected in parallel with the 
opposite poled switch. This RC combination constitutes the unpolarized 
snubber network [3]. The current limiter is connected in series with a feeder 
such that it can restrict the current in case of a fault downstream. In the 
healthy state the opposite poled switch remains closed. These switches are 
opened when a fault is detected such that the fault current now flows through 
the current limiting inductor. Let us illustrate its operating principle with the 
help of the following example. 

r--------I 
I Lm I 

Snubber 
I 
ISSCL 

1o ________ J 

Load 

Figure 4.2. Schematic diagram of a solid state current limiter 

Example 4.1: Let us consider the circuit of Figure 4.2 in which the 
source voltage is assumed to have a peak of 1.0 per unit and has a frequency 
of 50 Hz. The feeder has an impedance of 0.05 + jO.2 per unit, while the load 
impedance is given by 2.0 + jl.5 per unit. The SSCL parameters are 
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Xm == (VLm == 0.5 per unit, Rs == 0.1 per unit and Xs == _1_ == 1.0 per unit 
(VCs 

where (V is the system frequency in radians. It is assumed that the system is 
operating in the steady healthy state when a fault occurs at the load bus. 

In the absence of the current limiter, the fault current will have a steady 
state value of 5.0 per unit but it can shoot up to about 20-25 per unit 
depending on the instant of the occurrence of the fault. To limit the fault 
current, the opposite poled switch opens once the occurrence of the fault is 
detected. In this case we have assumed that the fault is detected the moment 
it has occurred. This however is not a valid assumption and more realistic 
results will be discussed in Chapter 6. 

The system response is shown in Figure 4.3, which depicts the fault 
current through feeder If; the voltage across the switch Vsw and the current 
through the limiting inductor 1m (see Figure 4.2). It can be seen that before 
the occurrence of the fault, both Vsw and 1m are zero. Once the fault occurs 
and the opposite poled switch opens, the capacitor Cs starts charging and the 
current through the limiting inductor rises linearly. The feeder current during 
this period rises sharply. However, the initial transient dies out quickly and 
the fault current is limited by the series combination of the SSCL and the 
feeder impedances. This condition persists if the fault is not cleared. 

!:~ 
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Figure 43 System behavior with SSCL during fault 

Note that since the value of the snubber resistance Rs is negligible 
compared to the snubber reactance X, the effective impedance of the SSCL 
during the faulted state will be the parallel combination of X\· and Xm. For the 
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parameters chosen this will be inductive and will have a numerical value of 
1.0 per unit. Therefore the total reactance in the circuit during the fault will 
be the sum of the feeder reactance and the effective SSCL reactance and this 
has a numerical value of 1.2 per unit. Therefore the peak of the feeder 
current assuming that the fault is not cleared is roughly 0.833 per unit as is 
evident from Figure 4.3. 

Let us now investigate what happens when the snubber circuit is not 
present. As soon as the fault occurs, the inductance Lm is placed in series 
with the feeder inductance. However the current through the feeder has an 
initial value at that point while the initial value of the current through Lm is 
zero. But the same current must now flow through both these inductances. It 
is well known that the current through an inductance cannot change 
instantaneously. Therefore to bring the current through Lm to the same level 
as the current through the feeder, a large voltage equal to Lm(dimldt) will be 
applied across the inductor. This is the same voltage Vsw that is applied 
across the opposite poled switch. This voltage is shown in Figure 4.4. It can 
be seen that the voltage has a spike with a maximum of about 27.0 per unit. 
It is needless to say that this will damage the semiconductor switch. 
Therefore the snubber circuit is essential for this configuration. 

25 

20 

5 

o~--------__ J-----------~ 
0.02 0.022 0.024 0.026 0.028 0.03 

Time(s) 

Figure 4.4. Voltage across the SSCL in the absence of the snubber 

Note that the bidirectional switch of Figure 4.2 is usually made of GTOs 
(or may even be IGBTs) which have a fast current interrupting capability. A 
solid state circuit breaker (SSCB) has almost the same topology as that of an 
SSCL except that the limiting inductor is connected in series with an 
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opposite poled thyristor pair. The thyristor pair is switched on 
simultaneously as the bidirectional switch is switched off once a fault is 
detected. This will force the fault current to flow through the limiting 
inductor in the same manner as discussed above. The thyristor pair is 
blocked after a few cycles if the fault still persists. The current through the 
thyristor pair will cease to flow at the next available zero crossing of the 
current. There still might be a small amount of current flow to the fault 
through the snubber circuit. However the magnitude of this current is small 
and this can be easily interrupted by a mechanical switch that is always 
placed in series with the SSCB. One example of the application of this 
structure is the earth current limiter where a SSCL is included in the neutral 
leg of transformers. Since 70% of faults are single line to ground faults this 
limiter will influence most faults and can often extinguish the arc of the 
faulted phase without actually breaking the curcuit. These circuits can often 
be implemented using SCR without the need of the more expensive current 
beak elements such as GTO. 

The schematic diagram of a solid state transfer switch (SSTS) is shown in 
Figure 4.5. This device, which is also known as a static transfer switch 
(STS), is used to transfer power from the preferred feeder to the alternate 
feeder in case of voltage sag/swell or fault in the preferred feeder. The 
transfer switch would be used to protect sensitive loads. An SSTS contains 
two pairs of opposite poled switch. In this case the switch is made of 
thyristors. These switches are denoted by Sw, and SW2 in Figure 4.5. 
Suppose the preferred feeder supplies the power to the load. This is done 
through the switch Sw, while the switch SW2 remains open. 

V' V' 
Preferred Alternate 

Feeder Feeder 1-----------, , 

Sensitive 
Load 

Figure 4.5. Schematic diagram of a static transfer switch 

If a sudden voltage sag occurs in the preferred feeder, the SSTS then 
closes the switch SW2 such that current starts flowing through the alternate 
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feeder to the load. The switch Sw, is then switched off. This switching 
scheme is known as make before break (MBB) switching in which the 
switch Sw, is disconnected only after the switch SW2 is connected. Note that 
if the local bus voltages appearing in both the preferred feeder side and the 
alternate feeder side have the same magnitude and phase there will be no 
transient in the load when the switch is operated in MBB. However this 
condition cannot be usually satisfied and in those cases a transient in the load 
current is unavoidable. Also note that it is not always possible to operate the 
device in MBB fashion when there is a fault in the preferred feeder. 
Depending on the direction of the current it may have to be operated in break 
before make (BBM) fashion otherwise the alternate feeder may start feeding 
the fault. 

4.2.2 Load Compensation using DSTATCOM 

The schematic diagram of a distribution system compensated by an ideal 
shunt compensator (DST A TeOM) is shown in Figure 4.6. In this it is 
assumed that the DST A TeOM is operating in current control mode. 
Therefore its ideal behavior is represented by the current source If; It is 
assumed that Load-2 is reactive, nonlinear and unbalanced. In the absence of 
the compensator, the current J, flowing through the feeder will also be 
unbalanced and distorted and, as a consequence, so will be Bus-I voltage. 

- v" + 

?ill 
o 

pcc 

Load-1 

Ideal 
Compensator 

Load-2 

Figure 4.6. Schematic diagram of ideal load compensation 

To alleviate this problem, the compensator must inject current such that 
the current I, becomes fundamental and positive sequence. In addition, the 
compensator can also force the current II to be in phase with the Bus-2 
voltage. This fashion of operating the DST A TeOM is also called load 
compensation since in this connection the DST A TeOM is compensating the 
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load current. From the utility point of view, it will look as if the 
compensated load is drawing a unity power factor, fundamental and strictly 
positive sequence current. 

The point at which the compensator is connected is called the utility
customer point of common coupling (PCC). Denoting the load current by I, 
the KCL at the PCC yields 

(4.1 ) 

The desired performance from the compensator is that it generates a current 
I{ such that it cancels the reactive component, harmonic component and 
unbalance of the load current. Below we present two examples to illustrate 
the operating principle ofthe device. 

Example 4.2: Let us first demonstrate the working principle of the 
DST ATCOM assuming that the source voltage is stiff. This implies that the 
source is connected at the point of common coupling and the feeder, Load-1 
and the coupling transformer of Figure 4.6 is missing. The source voltage is 
assumed to be 50 Hz, balanced with the peak value of "2 per unit. It is 
supplying a three phase unbalanced RL load that are given by 

Za = 5 + j5 per unit, Zb = 5 + j1 per unit and Zc = 3 + j2 per unit 

where the subscripts a, band c indicate the three phases. In addition to the 
RL, a three-phase controlled rectifier is also connected to the load. The 
rectifier draws a square wave current with a peak of 0.1 per unit and has a 
delay angle of 30°. The load currents are shown in Figure 4.7 (a). The 
distribution system is assumed to be a 3-phase, 4-wire system. 

The ideal compensator now injects currents that cancel harmonics from 
load current and also balances the load. Furthermore, it also forces the 
current drawn from the source to be unity power factor. How the 
compensator achieves this will be discussed in detail in Chapter 7. Once 
these currents are injected, the source currents become balanced, harmonic 
free and unity power factor as shown in Figure 4.7 (b). In this figure a scaled 
version of the voltage of phase-a (denoted by vsa) is also plotted to illustrate 
the source current of the corresponding phase is in phase with the voltage. 
The compensator currents are shown in Figure 4.7 (c), while the 
instantaneous powers are shown in Figure 4.7 (d). It can be seen that while 
the power supplied by the source (p,,) is constant, the power injected by the 
compensator has a zero mean. This implies that the compensator neither 
requires a real power from the source nor does it supply a real power to the 
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load. The oscillating part of the load power is supplied by the compensator 
and the average part is supplied by the source such that the load power (P,) is 
the sum of powers ps and Pt. 

(a) Load Currents 
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Figure 4.7. Load compensation with a stiff source 

The structure of load compensation when the source is weak is shown in 
Figure 4.8. In addition to the ideal current source, this structure contains a 
capacitor. The reason for using this capacitor will be discussed in Chapter 8. 
It will be sufficient to mention at this point that it is used for filtering 
purposes. This provides a low impedance path to harmonics introduced by 
the compensator. Let us denote the voltage of PCC, which is the same as 
Bus-2 voltage, as VI' The voltage across the capacitor is the same as the 
voltage at PCC or terminal voltage VI' The current injected by the 
DSTATCOM is then given by (see Figure 4.8) 

(4.2) 

Since Ie = C(dvlldt), the current injected by the source Id is known once If is 
known. 

To explain how the compensator works, let us assume that the load 
current vector is given by 

(4.3) 
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Feeder VI 

(,. 

Load-2 

I 
I Ideal 

I - - _ .. Compensator 

Figure 4.8. Compensator structure for non-stiff supply system 

where the subscripts p, q and h denote the real, reactive and harmonic 
components respectively. Out of these three components, only the real 
component will be supplied from the source for unity power factor 
operation. The compensator must then inject the remaining part to the ac 
system. We than have 

I, = lip 

It = jIlq + Ih 
(4.4) 

Since the current through the filter capacitor is given by Ie = )(j)CVt, the 
current injected by the compensator is then given from (4.2) as 

(4.5) 

Note that this current has reactive and harmonic components only. 

Example 4.3: Consider the distribution system shown in Figure 4.6 in 
which the source is taken to be the same as given in Example 4.2. It is 
assumed that it supplies two three-phase RL loads of which the load at Bus- I 
is a balanced load of 0.5 + )0.2 per unit per phase. Of and the load at Bus-2 
is unbalanced. The balanced load at Bus- I is, while the unbalanced load at 
Bus-2 is given by 

Z(J = 1.5 + )0.5 per unit, Zh = 0.5 + )1 per unit and Zc = 3 + )2 per unit 
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A 3-phase, 4-wire distribution system is assumed. The transformer of Figure 
4.6 is neglected. The source reactance is assumed to be 0.1 per unit and the 
feeder impedance is 0.05 + jO.2 per unit. 

Let us first assume that the compensator is not connected to the system at 
the beginning, however the filter capacitor is. The steady state system 
response is then shown in Figure 4.9. It can be seen that all the system 
quantities are unbalanced. Also the load power oscillates with a frequency of 
100 Hz and has a mean value of 0.9345. 

Once the compensator is connected, the steady state system response is 
shown in Figure 4.10. It can be seen that the terminal voltage and currents 
are now balanced sinusoids and the terminal power is constant with a value 
of 1.0639 per unit. This is also the mean load power. There has been about 
10% increase in the mean power because the terminal voltages are now 
balanced. Also since the power entering the terminal is the mean of the load 
power, the compensator only supplies the zero mean oscillating power 
required by the load. 
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Figure 4.9. System response without compensator 

The above two examples demonstrate the working principle of the shunt 
compensator. We must however note a few points. 

The compensators in these examples are realized by ideal current 
sources. In a practical circuit these are realized by an inverter, the output 
of the inverter being connected to the PCC by a transformer or an 
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interface inductor. The inverter then tracks the reference current required 
to achieve load compensation. 

- An important aspect of the shunt load compensation is the generation of 
reference currents that achieve the desired performance. This will be 
discussed in Chapter 7. 

- In a 3-phase, 4-wire distribution system, the compensator neutral is 
connected to the load neutral. This will force the zero-sequence current to 
circulate in the path such that the current drawn by the combined 
compensator-load combination becomes balanced. 
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Figure 4./0. Steady state compensated waveforms in weak ac system 

4.2.3 Voltage Regulation using DSTATCOM 

The schematic diagram of an ideal shunt compensator acting as a voltage 
regulator is shown in Figure 4.11 (a). In this the ideal compensator is 
represented by a voltage source and it is connected to the PCe. However it is 
rather difficult to realize this circuit and the alternate structure is shown in 
Figure 4.11 (b). It can be seen that this is the same structure as used for load 
compensation in Figure 4.8. It has the advantage that the harmonics can be 
bypassed by the filter capacitor C. 

The basic idea here is to inject the current id in such a way that the 
voltage VI follows a specified reference. The compensator must be operated 
such that it does not inject or absorb any real power in the steady state. 
Therefore the relations given in (4.4) and (4.5) are also valid in this case. 
The magnitude of the voltage VI can be arbitrarily chosen. However its phase 
angle must be chosen such that the relation I., = lip is satisfied. 
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Figure 4.11. (a) Ideal voltage controller and (b) its practical realization 
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Example 4.4: Let us consider a system in which both the source voltages 
and load currents are unbalanced and distorted. Consider .the distribution 
system shown in Figure 4.1. Assume that the loads at both Buses 1 and 3 are 
unbalanced and distorted. Then the Thevenin equivalent of the source side 
can be represented by an impedance that is connected to an unbalanced and 
distorted source. Similarly the Thevenin equivalent of the right side of the 
bus can be represented by an unbalanced and distorted load. The system 
parameters are not important for this discussion. 

The source voltages are shown in Figure 4.12 (a). It can be seen that they 
are both unbalanced and distorted. The compensator is pressed into service 
at the end of the 1 sl cycle (at 0.02 s). The load currents, terminal voltages and 
the source currents prior to that instant are distorted both due to the load and 
source. Once the compensator is connected, the terminal voltages become 
balanced with two cycles. However the load currents are still unbalanced and 
distorted since the load is unbalanced and distorted. Similarly since the 
source is unbalanced and distorted, the currents entering the terminal (PCC) 
are still unbalanced and distorted. However, these distortions have now 
reduced significantly. 

4.2.4 Protecting Sensitive Loads using DVR 

A dynamic voltage restorer (DVR) is used to protect sensitive loads from 
sag/swell or disturbances in the supply voltage. The implication of such a 
disturbance to food processing industry has been discussed in Section 2.2.6., 
The world's first DVR was installed in August 1996 at a 12.47 kV substation 
in Anderson, South Carolina. This was installed to provide protection to an 
automated rug manufacturing plant. Prior to this connection, the DVR was 
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first installed at the Waltz Mill test facility near Pittsburgh for full power 
tests. The test results are discussed in [4]. The next commissioning of a DVR 
was in February 1997 at a 22 kV distribution system at Stanhope, Victoria, 
Australia. This was done to protect the diary milk processing plant 
mentioned in Section 2.2.6. The saving that may result from the installation 
of this DVR is estimated to be over $100,000 per year [5]. In the next phase 
of development, DVRs that can be mounted on an overhead platform 
supported by two poles were fabricated. The first platform mounted DVR is 
installed to protect Northern Lights Community College and several other 
smaller loads in Dawson Creek, British Columbia, Canada [6]. 
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Figure 4. /2. System quantities with DST ATCOM in voltage control mode 

The schematic diagram of a sensitive load protected by an ideal series 
compensator (DVR) is shown in Figure 4.13. In this the DVR is represented 
by an ideal voltage source that injects a voltage VI in the direction shown. 
There are two different ways of constructing this device. The DVR can be 
constructed such that it is either capable or not capable of supplying or 
absorbing real power. The DVR voltage control is simple if it is capable of 
supplying or absorbing real power. Note from Figure 4.13 that 

(4.6) 

where VI is the load bus voltage. The DVR then can regulate the bus voltage 
to any arbitrary value by measuring the terminal voltage VI and supplying the 
balance through Vf; 
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Figure 4.13. Schematic diagram of a sensitive load protected by a DVR 

The solution to this problem however is not as straightforward when the 
DVR is not capable of supplying or absorbing any real power in the steady 
state. It may instaed have to supply or absorb real power during transients. 
Note from Figure 4.13 that the current through the line I, is the same as the 
current through the load It. Also the phase angle difference between the load 
current II and the load voltage VI is dictated by the power factor of the load. 
Also for no real power injection or absorption, the positive sequence 
fundamental frequency component of the voltage VI must be in quadrature 
with the positive sequence fundamental frequency component with the load 
current It. The following example illustrates the DVR operation. 

Example 4.5: Let us assume that an unbalanced and distorted source 
supplies the distribution system of Figure 4.13. The source voltages are 
shown in Figure 4.14 (a). The system frequency is 50 Hz. The feeder 
impedance is 0.05 + JOJ per unit. The load is assumed to be balanced RL 
with per phase impedance of2 + j1.5 per unit. The compensator is connected 
to the system at the end of the 1 SI cycle (0.02 s). It can be seen from Figure 
4.14 that prior to this instant, the load voltages and currents are unbalanced 
and distorted and the power through the compensator is zero. 

The compensator is represented by an ideal voltage source that is capable 
of generating fundamental as well as harmonic voltages. The compensator 
voltages are then obtained as per the following steps: 

1. First extract the fundamental positive sequence of the voltages VI and VI 

and the current It. Then compute the power factor angle. 
2. Generate the fundamental positive sequence component of the voltage VI 

that is in quadrature with the line current from the measurements of step 
1 such that the load terminal voltage is regulated to the desired value. 
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3. Since the load terminal voltage must be balanced sinusoidal, subtract the 
harmonic and unbalanced component of the terminal voltage from the 
fundamental positive sequence of the voltage VI obtained from step 2 such 
that the injected voltage cancels out these components as per (4.6). 

The system results are shown in Figure 4. I 4. It can be seen that both the 
load terminal voltage and, as a consequence, the load currents become 
balanced sinusoids within one cycle of the connection of the compensator at 
0.02 s. The power through the compensator is oscillating with a mean of 
zero. Therefore the compensator neither absorbs nor injects any real power. 

~~~ 

(a) Source Voltages (b) Load Voltages 
2 

0.02 0.04 0.06 0.02 0.04 0.06 
(c) Load Currents (d) DVR Power 

0.2 

0.1 

0 I 

-0.1 

-020 
'----' 

0.02 0.04 0.06 0.02 0.04 0.06 
Time(s) Time (s) 

Figure 4.14. System quantities with an ideal series compensator 

4.2.5 Unified Power Quality Conditioner (UPQC) 

The schematic diagram of a unified power quality conditioner (UPQC) 
compensated distribution system is shown in Figure 4.15 (a). This is useful 
when both source and load are unbalanced and distorted. For example 
assume that the source voltage VI is both unbalanced and distorted. Also the 
load current h is also unbalanced and distorted. As a consequence the 
terminal voltage VI, the load voltage VI and the source current i.1 will also be 
unbalanced and distorted. Now suppose there are other customers connected 
to the load bus that draw purely balanced sinusoidal currents. Then both the 
source and load unbalance and distortion affect them. Again if there is a load 
bus upstream from the point of common coupling, the customers on that bus 
will equally get affected. A UPQC can alleviate this problem. 
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Figure 4.15. (a) Schematic diagram of a UPQC compensated system, (b) & (c) two alternate 
connections 

A UPQC combines a series and a shunt compensator together. It can 
therefore yield the benefits of both these devices. For example it can tightly 
regulate the load bus voltage v, shown in Figure 4.15 (a). Therefore all loads 
including the unbalanced and nonlinear load will have a supply voltage that 
is balanced and sinusoidal. The UPQC can also make the current drawn from 
the supply (is) balanced, sinusoidal and in phase with the terminal voltage 
(VI)' Therefore the voltage of any bus upstream from the PCC will not be 
affected due to a nonlinear and unbalanced load. However it will be 
impossible to correct the unbalance and distortion produced by the source 
voltage using this device. Therefore the upstream bus voltages will remain 
unbalanced and distorted. 

There are two different ways of connecting a UPQC. These are shown in 
Figure 4.15 (b) and ( c). In the connection of Figure 4.15 (b) the series device 
is placed before the shunt device while it is placed after the shunt device in 
Figure 4.15 ( c). The operating principles of these two connections will be 
discussed in Chapter 10. The dotted line in these figures indicates any energy 
exchange path between the devices. Usually the inverter realizing the series 
device is supplied by a dc capacitor. Similarly the shunt inverter is also 
supplied by a dc capacitor. In a UPQC both these inverters are supplied by a 
common dc capacitor in the same way as a unified power flow controller 
used in bulk power transmission [7]. The energy exchange between the 
series and the shunt device takes place through this common dc capacitor. 

4.3 Custom Power Park 

In a custom power park all customers of the park should benefit from 
high quality power supply. Even the basic form of this supply is superior to 
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the normal power supply from a utility. Electrical power to the park is 
supplied through two feeders from two independent substations as shown in 
Figure 4.16. Both these feeders are joined together via a solid state transfer 
switch. This can make a subcycle transfer from the preferred to the alternate 
feeder such that the duration of any voltage dip can be reduced to 4-8 ms. 
The custom power control center is fully equipped with a DST A TCOM and 
a DVR. The DSTATCOM eliminates harmonics and/or unbalance, while the 
DVR eliminates any voltage sag or distortion. 

A AA 

Standby 
Generator 

CP Control 
Center 

DST ATCOM DVR 

Custom Power Park 
AAA 

. . 
~ ............................................................. ,., .. , .................................................... " 

Figure 4.16. A custom power park 

The incoming feeders to the park can be designed with improved 
grounding, insulation, arresters and reclosing. The SSTSs ensure that the 
feeder with higher voltage is selected in less than half a cycle in case of a 
voltage dip. Using similar switching principle, these SSTSs can also be used 
to protect the loads of the park from dynamic overvoltages as well. The 
DST A TCOM, when operated in the voltage control mode, can provide 
reactive power support to the park thereby maintaining the bus voltage. 
Under the configuration shown in Figure 4.16, there are three different 
grades of power that can be supplied to the park's customers. These are [8] 
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- Grade A: This is the basic quality power. Since the transfer switches 
protect the incoming feeders, the quality of the power is usuaIly superior 
to normal utility supply. In addition, this grade has the benefit of low 
harmonic power due to the DST A TCOM. 

- Grade AA: This includes all the features of Grade A. In addition, it 
receives the benefit of a standby generator. The generator can be brought 
into service in about 10-20 seconds in case of a serious emergency such 
as power failure in both feeders. 

- Grade AAA: This includes all the features of Grade AA. In addition, it 
has the benefit of receiving distortion or dip free voltage due to the DVR. 

Under normal operating conditions, the standby generator stays off and is 
disconnected from the bus and customers of both Grade A and Grade AA 
receive the same service. The difference in their power quality becomes 
apparent when power to both feeders is lost simultaneously due to a fault in 
the power system. When both feeders are lost, the loads belonging to 
customers of both these grades are removed through circuit breakers. 
However, once the standby generator is switched on, the power to AA grade 
customers is restored by closing of the circuit breakers connected to the AA 
grade customers. This means that customers of AA grade do not lose power 
for more than 10-20 seconds under any situation. The customers of A grade 
however do not receive power until one of the feeders is back in service. The 
Grade AAA customers are not affected by the loss of both feeders as their 
voltage is maintained by the DVR till the standby generator comes into 
service. Since the standby generator has to be started instantaneously, 
brought to speed and synchronized within less than 20 seconds, it must be 
driven by a diesel or a gas turbine. 

It is to be noted that the DVR must provide voltage support for the AAA 
grade supply in case of both feeder failures tiIl the standby generator is 
synchronized with the bus. This implies that it may have to provide this 
support for about 20 seconds. It is therefore important to ascertain whether a 
DVR that is supplied by an ac storage capacitor is capable of holding the 
voltage for such a long time or not. Alternatively, the DSTATCOM and the 
DVR in the custom power control center can be replaced by a single UPQC 
that will be able to perform both the functions of harmonic neutralization 
and voltage balancing simultaneously. 

Through the custom power park it is possible to supply power to different 
types of sensitive loads ranging from shopping maIls and hospitals to 
semiconductor manufacturing. For example, a semiconductor manufacturing 
plant needs Grade AAA supply since a sudden voltage dip can cause the loss 
of a few hours of production. With modem and life support equipment, a 
hospital on the other hand, requires both AA and AAA grade supplies. The 
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AAA grade connection can be supplied to the operating theaters and life 
support systems, while the AA grade connection can be given to the rest of 
the building along with pathology and other testing facilities. Most shops in 
a shopping center (mall) or offices in an office building require grade A 
power. The grade of the quality of power a customer in the park receives 
depends on the nature of its load and the price he is ready to pay. 

4.4 Status of Application of CP Devices 

It was mentioned in the beginning of this chapter that the installations of 
the custom power (CP) devices are not very well documented. It is thus 
rather difficult to get the current installation status. The status given below is 
reported in [9] and by no means presents the complete picture. 

- American Electric Power (AEP) has installed an indoor 15 kY, 600 A 
static transfer switch at an industrial park in Columbus, Ohio. 

- Baltimore Gas and Electric (BGE) installed an indoor 15 kY, 600 A static 
transfer switch at an office building in downtown Baltimore in September 
1995. 

- In September 1996, BGE has also placed an outdoor 15 kY, 600 A static 
transfer switch in service at a chemical manufacturing plant in the 
Baltimore metropolitan area. 

- In 1991, Chubu Electric Corporation of Japan installed three 7.2 kY, 
300 A static transfer switches in a loop line configuration. 

- Commonwealth Edison Company installed a 12.47 kY, 600 A static 
transfer switch on August 14, 1996 at a plastic film manufacturing plant. 
Between January 1 and October 15, 1997, there were 50 events with 40 
successful transfers with no loss of production. Of the remaining 10 
events that resulted in production interruptions, 5 events were due to 
voltage sags on both feeders. 

- In November 10, 1996 Detroit Edison Company installed a static transfer 
switch at the Ford Motor Company Sheldon Road Plant, which provides 
components to all Ford's North American assembly plants. Its installation 
has saved a whole lot of expensive shutdown time. 

- PG&E Energy Services installed two static transfer switches, both rated 
at 25kY, 300A, in September 1996. 

- In October 1996 Texas Utilities placed in service an outdoor 15 kY, 
600 A static transfer switch at an electric operations building in Fort 
Worth, Texas. 

- The Tokyo Oil Industry Company of Japan installed a static transfer 
switch in 1997 for a generating unit transfer application. 
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- Duke Power's installation in August 1996 has been reported in Chapter 9. 
The unit is rated at 2 MY A, can store 660 kJ, and operates at 12.47 kV. 
Normal load current is approximately 120 A. Its test results are given in 
[ 4]. 

- The DVR installed at Bonlac Foods Processing plant by Powercor 
Australia Ltd. Is rated at 2 MY A, can store 660 kJ, and operates at 22 kV. 

- In April 1997 a DVR was installed at the Sappi Limited, Stanger Mill in 
South Africa that provides pulp to Sappi's paper making process. The 
DVR is supplied by a superconducting magnetic energy storage (SMES). 
The power to the mill is supplied by ESKOM. This DVR is rated at 
750kVA and provides 2.4MJ of energy storage. 

- Florida Power Corporation's 2 MVA inverter-based DVR provides 
protection to one of six 12.47 kV feeders at the Econ Substation 
(230112.5 kV) of Orlando, Florida. This is placed in service in 1996 in a 
high density residential and commercial area. 

- Two DVRs, each rated at 6 MY A, 12.47 kV with1800 kJ energy storage, 
have been installed in July 1998 at a critical industrial site on the Salt 
River Project system at Phoenix metropolitan area in Arizona. Each of 
these two DVRs can boost a 20 MV A load as much as 30% and has a 
maximum capacity of 1200 A. 

- In April 1998 a 4 MY A series compensator is installed by ScottishPower 
at the Caledonian Paper Mill at Irvine, Scotland. 

- The installation of a platform mounted DVR by B.C. Hydro in Dawson 
Creek has been mentioned earlier in this chapter. 

- Since February 1998 American Electric Power has been operating a 
DSTATCOM at a rock crushing facility. The rating of the device is 
± 2 MY A at 12.47 kV and it utilizes two 1 MY Ar capacitor banks that 
allow operation with output from 0 to 4 MY Ar capacitive. 

- British Columbia Hydro has demonstrated the operation of a trailer 
mounted DST A TCOM at the Adams Lake Lumber Company in Chase, 
British Columbia, Canada where it provided voltage regulation and 
voltage flicker mitigation caused by a large whole log chipping 
operation. This ± 2 MY A inverter-based trailer unit is now being readied 
by BC Hydro for relocation to another site. 

- In 1993 an SVC of 60 MY Ar capacity was installed at 77 kV line as a 
countermeasure against voltage fluctuations and unbalanced load due to 
an electric railroad by Central Japan Railway Company. Motivated by its 
success, the Central Japan Railway Company installed three more SVCs 
that are rated 60 MVAr at 154 kV, 34 MY Ar at 77 kV and 48 MY Ar at 
154 kV. 

- In December 1989 a DSTATCOM of 3.5 MY Ar capacity using a bipolar 
transistor inverter for arc furnace flicker compensation was installed on 
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the Mitsubishi Steel Company's 33 kV feeder. In addition, Mitsubishi 
Steel Company is operating an SVC since 1984. The addition of the 
DST A TCOM enabled an increase in steel productivity of the arc furnace 
without any increase in the previous flicker level. 
A 1.2 MY A static series compensation device has been in service on the 
Public Service Electric and Gas system in New Jersey since September 
1994. 
A static var compensator using an 8 MY Ar GTO inverter for arc furnace 
flicker compensation was installed on the Sumitomo Steel Company's 
22 kV feeder in July 1995. 

4.5 Conclusions 

In this chapter we have discussed the use of custom power devices for 
improving the distribution system quality. In this chapter we have only 
discussed the advantages of using these devices. However, as we have 
.mentioned earlier, there are many important issues that need to be 
considered for obtaining an overall global picture. The most important issue 
is whether the installation of any of these devices adversely affects a 
customer in the vicinity that is not supported by such a device. 

4.6 References 

[I] N. G. Hingorani, "Introducing custom power," IEEE Spectrum, Vol. 32, No.6, 
pp. 41-48, June 1995. 

[2] T. J. E. Miller, ed., Reactive Power Control in Electric Systems, John Wiley, New 
York, 1982. 

[3] M. H. Rashid, Power Electronics. Circuits, Devices and Applications; Prentice-Hall, 
Englewood Cliffs, 1993. 

[4] N. H. Woodley, L. Morgan and A. Sundaram, "Experience with an inverter-based 
dynamic voltage restorer," IEEE Trans. Power Delivery, Vol. 14, No.3, pp.1181-1185, 
1999. 

[5] N. H. Woodley, A. Sundaram, B. Coulter and D. Morris, "Dynamic voltage restorer 
demonstration project experience," I fh Con! Electric Power Supply Industry (CEPSI), 
Pattaya, Thailand, 1998. 

[6] N. H. Woodley, K. S. Berton, C. W. Edwards, B. Coulter, B. Ward, T. Einarson and A. 
Sundaram, "Platform-mounted DVR demonstrated project experience, " 5'h 

International Transmission & Distribution Con/. Distribution, Brisbane, 2000. 
[7] L. Gyugyi, "A unified power flow control concept for flexible ac transmission 

systems," Proc. lEE, Pt. C, Vol. 139, No.4, pp. 323-331,1992. 
[8] N. G. Hingorani, "Custom Power and Custom Power Park," Flexible Power HVDC 

Transmission and Custom Power, CIGRE Australian Panel 14, Sydney, 1999. 
[9] IEEE P1409 Distribution Custom Power Task Force 2, Custom Power Technology 

Development, 1999. 



Chapter 5 

Structure and Control of Power Converters 

Apart from the breaking and transferring devices, all other power quality 
(PQ) enhancement devices like DST ATCOM, DVR, UPQC etc. are based on 
power converters. Furthermore modern FACTS devices like ST A TCOM, 
SSSC, UPFC etc. also employ power converters. However, FACTS devices 
have much higher power rating than PQ enhancement devices since they are 
used in bulk power transmission systems. Moreover, their operation 
philosophy is also different as they are assumed to work under balanced 
sinusoidal conditions. As a consequence, the control strategies of FACTS 
devices are different from the PQ enhancement or Custom Power devices. 
Since power converters have an important role to play in modern power 
systems, we discuss their topologies and control strategies in this chapter. 
For the background materials in the area of Power Electronics, there are 
numerous excellent textbooks, e.g., [1-3]. 

AC power converters are of two types - current source converter (CSC) 
and voltage source converter (VSC). The schematic diagrams of these 
converters are shown in Figure 5.1. A converter has a dc side, a power 
circuit made of power semiconductor switches and an ac side. The power 
circuit for both CSC and VSC is the same. The ac side of both converters is 
connected to loads or is interfaced to ac systems. It is the dc side that 
differentiates these two converters. The dc input to a CSC (also known as 
current source inverter or CSI) is a dc current source. This current source is 
usually realized by a controlled dc source that is connected to a large 
inductor in series. The dc input to a VSC (also known as voltage source 
inverter or VSI) is a dc voltage source that is usually realized by rectifying 
an ac voltage through a diode bridge rectifier. An LC filter with a small 
series inductor and a relatively large shunt capacitor is connected to the 
output ofthe rectifier bridge. 
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Figure 5.1. Schematic diagram of a (a) esc and (b) VSC 

A CSC is usually more reliable and fault tolerant than a VSC because the 
large series inductor limits the rate of rise of current in the event of a fault. 
However, CSCs have higher losses because of the need to store energy by 
circulating current in inductors which are more lossy than capacitive energy 
storage. In addition these inductors can limit the rate of response of the 
system. The thyristor based versions are mostly used for high power electric 
motor drives. In power line conditioning devices, the dc sources are not 
desired and pure energy storing devices are used - an inductor in a CSC and 
a capacitor in a VSc. Since capacitors are more efficient, smaller and less 
expensive than inductors, VSCs are most commonly used in Custom Power 
devices. Henceforth we shall restrict our discussions to VSCs only. 

5.1 Inverter Topology 

In this section we shall discuss simple single-phase and three-phase 
inverter topologies. We shall also present their dynamic models and illustrate 
the functioning of these inverters with the help of some simulation results. 
For the time being, we shall assume that the inverters are operated in the 
current control mode in which they track given reference currents. The 
inverter control will be discussed in detail later in the chapter. 

5.1.1 Single-Phase H-Bridge Inverter 

The schematic diagram of a single-phase H-bridge inverter is shown in 
Figure 5.2. It is called an H-bridge as it looks like the eighth letter of the 
English alphabet. The inverter contains four switches SI-S4, each comprising 
a power semiconductor device and an anti-parallel diode as also indicated in 
the figure. The power semiconductor device can be a power MOSFET for 
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low power application or a gate turn-off (GTO) thyristor for high power 
application. However, for distribution system applications, the preferred 
device usually is the insulated gate bipolar transistor (IGBT) as it can carry 
fairly large current and has fast switching characteristics and low losses. 

Figure 5.2. Schematic diagram of an H-bridge inverter 

The load, which in this case is assumed to be a passive RL load, is 
connected between the two legs of the inverter. The inverter is supplied by a 
dc source with a voltage of Vdc. The switches of each leg usually have 
complementary values, e.g., when SJ is on, S4 is off and vice versa. Further 
the switches are operated in pairs. When the switches SJ and S2 are on, S3 and 
S4 are off. Similarly, when S3 and S4 are on, SJ and S2 are off. However, a 
small time delay is provided between the turning off a pair of switches and 
turning on the other pair. This period, called the blanking period, is provided 
to prevent the dc source from being short-circuited. Consider for example 
the transition when S3 and S4 are turned off and SJ and S2 are turned on. 
During this period if the switch SJ gets turned on before the switch S4 turns 
off completely, then it will connect the two leads of the dc source directly. It 
is therefore mandatory that switch S4 turns off completely before the switch 
SJ is turned on. To ensure this, the blanking period (deadtime) is used. The 
continuity of the current during the blanking period is maintained by the 
anti-parallel diodes. For deriving the system dynamic equations, we shall 
neglect the blanking period. Then the equivalent circuit diagrams for the two 
modes of operation are shown in Figure 5.3. The consequence of this 
blanking period means that the switches do not change state exactly when 
commanded, giving imperfections with the modulation of the inverters. 

Let the current flowing through the load be denoted by h (see Figure 5.2). 
Then from the equivalent circuit shown, the expression for this current is 
given by 
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where the variable u is defined as 

u ={ 1 
-1 

when SI and S2 are on 

when SI and S2 are on 

(a) 

Chapter 5 

(5.1 ) 

(5.2) 

(b) 

Figure 5.3 Equivalent circuit of the H-bridge inverter (a) when SI and S2 are on and (b) when 
S3 and S4 are on 

Example 5.1: In this example we shall demonstrate the operation of the 
inverter in a hysteresis band current control mode through digital computer 
simulation. The system parameters chosen for the study are 

Vdc = 200V and R = Ion 

The load inductance will be chosen later. Let us assume that the inverter has 
to track a reference current, the instantaneous value of which is given by 

iLl'el = 10{sin OJt + +sin 50Jt + ~sin 7OJt} (5.3) 

where OJ= 100m. 
The reference current is shown in Figure 5.4. Along with this current, we 

have also shown the hysteresis band which is the region between hl'ef+ hand 
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hrel- h for any scalar h. The inverter is then switched (i.e., the variable u is 
chosen) using the following logic 

15.-------------~--------------~ 

-10 

-150~----~~----~--,----------,-':--::--------=-"· 
0.01 0.02 0.03 0.04 

Time(s) 

Figure 5.4. Reference current and hysteresis band 

IfiL ?iLref +hthenu=-l 

elseif iL ~ iLr~1 - h then u = I 
(5.4) 

The rationale behind this logic is as follows: if the load current exceeds the 
upper limit of the band frre{ + h, then bring the current down by applying a 
negative voltage across the load. This can be done by turning on the switches 
S3 and S4 (the equivalent circuit of which is shown in Figure 5.3 b). 
Similarly, when the current falls below the lower limit of ft.re! -h, it is then 
raised by turning on the switches S, and S2 (the equivalent circuit of which is 
shown in Figure 5.3 a). Thus, theoretically speaking, if the load current 
waveform is monitored properly and the inverter switches are made to 
change their states the instant at which the current touches the limit, the load 
current will remain within the band. This however may not be achievable 
due to the finite time delays associated with the monitoring and gating 
circuits and also due to the blanking period. Moreover the load current is 
usually inductive and cannot change very rapidly. Therefore, it is likely that 
the load current may slightly overshoot the band. 

The simulation results are shown in Figures 5.5 and 5.6. Figure 5.5 shows 
the load current while Figure 5.6 shows the tracking error. For the values of 
Vdc and R mentioned above, two different values of the inductor are chosen. 
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Also different values of the scalar constant h is chosen. The results are 
summarized in Table 5.1. From the results the following conclusions can be 
made: 

The tracking becomes better as the hysteresis band becomes narrower. 
As the band becomes narrower, the switching frequency becomes higher. 
This is obvious as the current touches and overshoots a narrower band 
more frequently resulting in the faster changing of switch states. 
Unfortunately, high switching frequency results in increased losses 
culminating in increased heating in the power semiconductor devices. 
Thus the choice of hysteresis band is a compromise between tracking 
error and inverter losses. 

- For the same value of the hysteresis band, the switching frequency 
decreases as the value of the inductor increases. This is obvious as the 
rate of change in the inductor current (dit/dt) decreases with the increase 
in the value of the inductor. It is needless to say that the tracking with 
bigger sized inductor becomes inferior compared to a lower sized 
inductor for the same value of h. This is evident from Figure 5.6 (b-c). 

- Even by decreasing the hysteresis band, the tracking performance may 
not always be acceptable. This is evident from Figure 5.6 (d). The 
tracking performance can be improved by increasing diddt. For a large 
inductor this can be achieved by increasing the dc voltage. 

(a) L = 20 mHo h = 1.5 (A) (b) L = 20 mHo h = 0.5 (A) 

o 0.02 0.04 0 0.02 0.04 
(c) L = 40 mHo h = 0.5 (A) (d) L = 40 mHo h = 0.1 (A) 
,--------

o 0.02 
Time(s) 

0.04 o 0.02 
Time(s) 

0.04 

Figure 5.5. Load current for various load inductors and hysteresis bands 
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(a) L = 20 mH, h = 1.5 (A) 
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Figure 5.6. Tracking error for various load inductors and hysteresis bands 

Table 5.1. Summarized results of Figures 5.5 and 5.6 
L (mH) H(A) Results shown Switching Comments 

in Figures Frequency (Hz) 
20 1.5 5.5 (a), 5.6 (a) 1150 Larger tracking error, but 

faster response 
20 0.5 5.5 (b), 5.6 (b) 3175 Smaller tracking error and 

faster response 
40 0.5 5.5 (c), 5.6 (c) 1075 Larger tracking error and 

slower response 
40 0.1 5.5 (d), 5.6 (d) 4275 Smaller tracking error, but 

slower response 
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From the above example we can infer that the tracking performance is 
inversely proportional to the load inductor and the size of the hysteresis band 
and directly proportional to the magnitude of dc voltage. Furthermore, better 
tracking can be achieved at the expense of higher inverter losses. 

5.1.2 Three-Phase Inverter 

The schematic diagram of a three-phase inverter is shown in Figure 5.7. 
It contains six switches S] - S6 each of which is made of a power 
semiconductor device and an anti-parallel diode. The switches of each leg 
are complementary. For example when S] is on, S4 is off and vice versa. The 
inverter is supplied by two equal dc sources, the neutral point of which is 
denoted by N. A three-phase load is connected at the output of the inverter. 
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The load neutral is denoted by n. Note that whether the points Nand n are 
joined depends on the system configuration required. 

To demonstrate the derivation of the dynamic model of the system, we 
have assumed the load to be RL in this case also. Using the same framework, 
the system dynamics for other loads can also be derived. Because of the 
presence of the anti-parallel diodes, we can express the potential across the 
phase-a and the source neutral as 

{
+ Vdc if SI is on 

V - 2 
aN - V 

-~if Sison 
2 4 

Similar expressions can also be written for the other two phases. 

v~£:lslsl 
2 1 3 5 

ia 
N 

Figure 5. 7. Schematic diagram of a three-phase inverter 

Let us define the following switch states (or control variables) 

U = {+ 1 when SI is on 
a_I when S 4 is on 

{
+ 1 when S3 is on 

Ub = 
- 1 when S 6 is on 

_ {+ 1 when S 5 is on 
U c -

-1 when S2 is on 

(5.5) 

(5.6) 
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We also assume that the neutral path between the source and load (i.e., the 
path Nn) is open in a three-phase, three-wire configuration. Since the neutral 
point is floating, we can write the following equation 

(5.7) 

Also since the voltage VnN between the points nand N is non-zero, the state 
equation for each phase can be written as 

(5.8) 

R · L dih Vdc 
b1b+ b-=-Ub-V N dt 2 n 

(5.9) 

(5.10) 

The dc side current is given by 

(5.11) 

Since (5.7) must always be satisfied, the three-phase, three-wire 
configuration is not suitable for tracking three independent currents. 

Let us now assume that the two neutrals are connected together (i.e., the 
path nN is joined) in a three-phase, four-wire configuration. Then the 
constraint (5.7) can no longer be imposed on this circuit. Furthermore, since 
for this configuration VnN = 0, each of the equations (5.8)-(5.10) becomes 
similar to (5.1). Therefore the three-phase inverter becomes equivalent to 
three single-phase inverters. Thus this configuration will allow a current to 
be tracked in the same manner as given in Example 5.1 irrespective of the 
currents in the other two phases. We can make the inverter to track currents, 
even unbalanced currents. In the general case there will be neutral current 
flowing in the path nN. Even when the load is balanced, high frequency 
current due to switching action will flow in this path. The following example 
illustrates the idea. 

Example 5.2: Let us assume that the three-phase inverter is required to 
track a balanced load. The system parameters are 
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v 
~ = 200V, R = lOn, L = 20mH and h = O.IA 
2 
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Let us assume that the inverter has to track the three-phase reference currents 
in hysteresis current control. These reference currents are 

. I {. 1. 5 1. } lore/ == am sm cvt + - sm cv! + - sm 7 cv! 
·57 

ibre/ == Ibm {sin(wt -1200 )+ + sin 5(wt -1200 )+ ~ sin 7(wt -1200 
)} 

iere/ == lem {sin(CV! + 1200 )+ +sin 5(w! + 1200 )+ ~ sin 7(cv! + 1200 
)} 

We shall demonstrate the functioning of the inverter first with balanced 
reference currents and then with unbalanced reference currents. 

Let us first assume that the reference currents are balanced such that lam, 

hm and lem are all equal to lOA. The load currents are shown in Figure 5.8 
(a-c). It can be seen that even though the load currents are balanced and do 
not contain any triplen harmonics, the neutral current (InN) is not zero in the 
steady state. The initial excursion neutral current is due to the delay in the 
inverter circuit in forcing the reference currents through the inductive load. 
However, the transient dies down very fast and the neutral current settles 
around zero. There is a high frequency ripple in the neutral current due to the 
switching action, but the average current has the desired value of zero. 

Let us now choose an unbalanced reference current in which lam == lOA, 
Ibm == 7 A and lem == 12 A. The current tracking results are shown in Figure 
5.9. It can be seen that there is a significant neutral current in this case. In 
addition, the high frequency switching ripples are also present in the neutral 
current. Note that this control directly aims to control the peak error in the 
phase currents but there is no direct control of the neutral current so its error 
can be the sum of the errors in the phase currents. 

5.2 Hard-Switched Versus Soft-Switched 

The inverter circuits of Figures 5.2 and 5.7 are called hard-switched 
inverters since when they are switched, a full voltage is applied across the 
switches. This may result in stress in the power semiconductor switches 
reducing their life span but, more significantly, increased losses in the 
inverter. Soft-switched converters do not suffer from this problem as all the 
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switches in a dc-to-ac converter are operated when the voltage across them is 
zero. This gives low loss in the switches. In the hard switched inverter 
however, when a switch is being turned off, first the voltage rises rapidly 
then the current falls depending on the recombination time of the carriers 
inside the semiconductor switch. It is the combination of high voltage with 
high current which generates a high level of switching loss in a converter. 
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Figure 5.B. Balanced current tracking by the three-phase inverter 
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Figure 5.9. Unbalanced current tracking by the three-phase inverter 
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The schematic diagram of a soft-switched, single-phase inverter is shown 
in Figure 5.10. This is also called a resonant dc link inverter (RDCLI) as a 
resonant circuit is added in the dc side for soft switching [4]. The resonant 
circuit is represented by the inductance (Lr) and the capacitor (Cr). Ideally, 
the resistor Rr should be zero. However, this resistor has a small value owing 
to the finite Q-factor of the coil Lr. In this figure, the current io = hxu, where 
u is the switching function given by (5.2). 

r------, 
I Rr Lr I 
I I 

Figure 5.10. The schematic diagram of a resonant de link inverter 

The idea behind the RDCLI circuit is to generate a resonance using the 
pair (L"Cr). This forced resonance will enable the voltage Vc to periodically 
go to zero. The switch Sr is closed for a small interval of time when this 
voltage (vc:) is zero and, during this period, the switches SI - S4 are switched 
on or off depending on the tracking requirements. The voltage across the 
switches is zero during this transition giving low loss. This condition is 
termed as zero voltage switching (ZVS). Assuming that the resonant cycle 
starts at an instant to, the link current (ir) and capacitor voltage (vc) 
waveforms are shown in Figure 5.11. The capacitor voltage must be zero at 
the beginning of every resonant cycle for successful ZVS. This can be done 
only when the inductor current is built up to certain value at the beginning of 
the cycle. For example, unless the inductor current is built up to the required 
value at instant t2, the capacitor voltage will not be zero at instant t). Thus 
the initial inductor current i,(12) must be carefully chosen for successful ZVS 
[I]. Below we discuss a method of building up the initial current. In this 
approach it is assumed that the resonant period is fixed and is slightly less 
than the natural (undamped) resonant period of the pair (Lr,Cr). Then for 
building the initial current, the period for which the dc bus must be shorted is 
an important control parameter [5]. 
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--------- ------~ 

Figure 5.1 I. RDCLI capacitor voltage and link current waveforms with associated timings 

Let us assume that the duration of the resonant cycle (i.e., t3 - t2) is fixed 
at LJT microseconds. Since resonant cycle time is almost invariably much 
smaller than the time constant of the load circuit, the load current (io) is 
assumed to have a constant value equal to 10 over a particular resonant cycle. 
This gives the equivalent circuit shown in Figure 5.12. In a practical circuit 
10 is estimated in the previous cycle, i.e., any time between to and 11 and is 
used for predicting i,{t2)' This is acceptable, as the resonant time is much 
smaller than the time constant ofthe load circuit. 

r------, 
I Rr Lr I 
I I 

+ 
vc S,. 

C,. 

Figure 5.12. Equivalent circuit of an RDCLI 

Referring to Figure 5.12, let us define a state vector and an input vector 
respectively as 
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The state space equation of the circuit with S,. off is then given by 

x = Ax+Bv (5.12) 

where the matrices A and B are given by 

A= [ 
0 

- 1/L,. 
1/ C ,. ], B = [- 1/ C r 

- Rr / Lr 0 

Since iJT = t3 - t2, the solution of (5. I 2) at the instant t3 based on the 
initial condition at the instant t2 is 

I!.)' 

x{tJ= e AM X{t2)+ JeA(M-r) Bv(r)dr 
o 

(5.13) 

Note that in the above equation Vdc is a known constant and 10 is assumed to 
be known and therefore the input vector v is known. Further since both these 
quantities are assumed to be constant during the resonant cycle, (5. 13) can 
be rewritten as 

(5.14) 

where 

The matrix <l> is known as the state transition matrix (STM). 
From Figure 5. I I we define 

i.e., at the instant 13, the capacitor voltage is zero and the link current is ir(t3). 
Then premultiplying both sides of (5. 14) by C = [I 0] we get 

(5.15) 
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Since A, Band iJT are known a priori, the matrices ¢ and B can be 
numerically evaluated beforehand. We can then expand (5.15) as 

(5.16) 

Again from Figure 5.11 we get 

(5.17) 

Substituting (5.17) in (5.16) and rearranging we get 

(5.18) 

This gives the value of the desired current at the instant t2 required to ensure 
successful zero crossing of the capacitor voltage at the instant t3. 

Once the desired computed value of i,{t2) is obtained from (5.18), it is 
compared with the actual value of the link current by an analog comparator 
while the switch Sr is kept closed. The switch is opened when these two 
values are equal. This ensures that the link current is built up to the required 
level at the beginning of a resonant cycle such that the capacitor voltage goes 
to zero at the end of the resonant cycle. 

Example 5.3: Let us consider an RDCLI with the following parameters 

Vdc =100V,Lr =52IlH,Rr =0.128nandC r =0.89IlF 

The natural undamped frequency for this choice of inductor and capacitor is 
23.5 kHz and the corresponding time for one cycle is 42.75 Ils. We choose a 
resonant period (iJ1) of 37.5 IlS, which is less than the cycle time of the 
natural frequency. Let us first investigate the no-load behavior (i.e., 10 = 0) of 
the circuit by removing all loads. This is shown in Figure 5.13. It can be seen 
from this figure that the link voltage (vc) periodically goes to zero after 
about every 37.5 MS. Also, the shorting switch is closed for about 5 MS for the 
link current (ir) to built up, to ensure correct ZVS. Note that the link voltage 
has a peak that is above 200 V even when the dc source voltage is 100 V. 

We now consider a load that is given by 

R = IOn and L = 20mH 
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The reference current that has to be tracked is the same as that given in (5.3). 
The result of the current tracking is shown in Figure 5.14 (a) and the tracking 
error is shown in Figure 5.14 (b) when the dc source voltage is 100 V. From 
Figure 5.13 we know that the peak of the link voltage exceeds 200 V for a 
supply voltage of 100 V. However, the tracking performance is still 
unsatisfactory. The maximum current that can be tracked by this circuit, 
irrespective of the resonant circuit, is nearly equal to Vdcl R. Thus for better 
tracking, the dc source voltage must be raised. A perfect tracking is obtained 
when Vdc = 200 V. This is shown in Figure 5.14 (c) and (d). However the 
peak of the link voltage in this case rises above 400 V. 
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Figure 5.13. No-load behavior of RDCLI 

Comparing the results of Examples 5.1 and ·5.3 it can be concluded that 
for the same load both hard and soft-switched inverters have similar tracking 
performance for the same dc supply voltage. However the link voltage in a 
resonant inverter peaks around twice the dc supply voltage, thereby requiring 
a larger rating capacitor and switch voltage rating. Furthermore, to ensure 
ZVS, the control circuit becomes more complex. Even then the circuit is 
prone to failures unless proper safety margins are provided. The major 
advantage of this circuit is that the switching losses are minimized. However 
the limitations, especially the complex control logic, far outweigh the 
advantage gained in terms of losses. Advances have been made in voltage 
limiting such that the resonance may require less than 20% overvoltage 
rating. This approach makes soft switching more attractive but the advances 
in the switching speed of IGBTs and other power level devices have made a 
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more significant impact on the applicability of inverters to power delivery 
applications. In the remainder of the book we shall only consider hard
switched inverters. 

(a) Dc Supply Voltage = 100 V (b) Dc Supply Voltage = 100 V 

/ .. -~eference 

" ~-10 
-.J 

~ 5,-------, 
::s 
§ 

lU O 
Ol 
c: 

:.i2 
() 
til 

.= -5 
o 0.01 0.02 0 0.01 0.02 

(c) Dc Supply Voltage = 200 V (d) Dc Supply Voltage = 200 V 

" ~-10 
-.J 

o 0.01 
Time (s) 

0.02 

~ 5..--------, 
::s 
§ 
~ 01All'l ___ ,.--,..--~ 
c: ..... 

:.i2 
() 

til 

.= _5'---~~----.-J 
o 0.01 0.02 

Time(s) 

Figure 5.14. Tracking performance of RDCLI 

5.3 High Voltage Inverters 

The inverter applications that have been examined thus far assume that 
the dc bus voltage is higher than the line to neutral voltage of the main 
supply connection point. These inverter structures require switches that can 
turn on and off and this restricts attention to switch devices such as 

- metal oxide field effect transistor (MOSFET) 
- insulated gate bipolar transistor (IGBT) 
- gate turn-offthyristor (GTO) 
- field controlled thyristor (FCT) 

Table 5.2 lists the rating and the switching speed ofthe above devices. 

Table 5.2. Rating and switching speed of the power semiconductor devices 

Devices Upper voltage rating Switching speed 
MOSFET 1000 V 50 ns 

IGBT 3300 V 0.5 Ils 

GTO 8000 V 5 IlS 
FCT 5000 V 0.1 IlS 
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For direct connection to ac systems, the GTO is the preferred device for 
the construction of the highest voltage rated inverters. However GTOs have 
lower switching speed, implying that the switching losses are high. 
MOSFETs have very low switching losses but are not suitable for very high 
voltage ratings. 

Using series connections of IGBTs, a new range of inverter applications 
have appeared. Using an inverter structure as in Figure 5.7, dc link systems 
have been developed commercially carrying 60 MW at 80 kV. The 
difference is that each switch shown may be the series connection of a large 
number of IGBTs. The main difficulty for series connection of switches is 
timing differences during turn off. If two 1000 V rated devices were in 
series, they would be expected to operate safely at 2000 V. However if one 
of the devices turns off while the other is still conducting, it will experience 
the full 2000 V which can damage the device or cause it to turn on again. 
The current systems use resistor and capacitor strings to force the voltage 
sharing of the devices during turn off. This process can require some 
compromise in the achieved switching speed with a corresponding increase 
in switching loss. The advantage however is that we can now construct 
inverters that can be connected to 11 kV distribution lines without the 
additional cost of interposing transformers. Other solutions such as 
multilevel converters are discussed in the next section. 

5.4 Combining Inverters for Increased Power and 
Voltage 

In this section we shall discuss three ways of combining inverters which 
can improve 

- effective switch frequency 
- system voltage rating 
- power handling capacity 

The basic inverter has a switch frequency, voltage rating and power capacity 
limited by the individual switches. Combining many switches can address 
one or more of the inverter limitations. A common approach is to combine 
inverter modules. One connection is to combine six step inverters such as in 
Figure 5.7, but where each switch turns on and off not more than once per 
fundamental cycle. This constraint permits the efficient use of GTOs, which 
have high switching losses and cannot successfully operate at high 
frequency. 



5. Structure and Control of Power Converters 155 

5.4.1 Multi-Step Inverter 

A multi-step inverter is constructed using many 6-step inverters of Figure 
5.7 and a magnetic circuit to provide phase shift between the inverters. This 
principle of construction has been around for quite some time [6]. However 
with the advent of GTOs, they have gained considerable attention. The 
details of the construction of these inverters are fairly complicated. We shall 
only outline the principle of construction below. 

Consider the basic 6-step inverter shown in Figure 5.15, which basically 
is the inverter of Figure 5.7 with the loads removed. Each switch leg makes a 
voltage step up and down every mains cycle giving a total of six steps. A 6n
step inverter is built using n 6-step inverters. For example two such inverters 
are used to construct a 12-step inverter and four inverters are required to 
construct a 24-step inverter. The inverter of Figure 5.15 produces a set of 
three quasi-squarewave voltage waveforms of a given frequency. Let us 
connect the dc voltage source sequentially to the three output terminals via 
appropriate inverter switches. The output voltage waveforms, when each 
switch is conducting for a period of 1800 , are then shown in Figure 5.16. 

N A B C 

v 

1 
Figure 5.15. A basic 6-step inverter 

The Fourier series of the output voltage waveforms are given by 

fAt}= I 4V sin{nwt} 
n;1.3.5 .... nn 

(5.19) 

(5.20) 
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Figure 5. 16. Output voltage waveforms of a 6-step inverter 

Ic{t}= I 4V sin(nwt + 2mr/3} 
n=I,3,5, ... n;r 

where w is the fundamental frequency in rad/s. 

Chapter 5 

(5.21 ) 

From the above three equations it is clear that there are no even 
harmonics on the ac side. It can also be seen that for a particular value of n, 
the three functions are either in phase, or appear in the sequence A-B-C or 
appear in the sequence A-C-B. Let us denote them as zero-sequence, 
positive-sequence and negative-sequence respectively. Note that these 
sequences are not the symmetrical component sequences used for the 
representation of unbalanced circuits. These sequences for various values of 
n are given in Table 5.3. From this table it is evident that the triplen 
harmonics (3, 9, 15, ... ) are zero-sequence and thus can circulate in the 
windings of a ~-connected circuit. If we now connect the output of the 
inverter to a ~-connected primary of a transformer, the triplens will not 
appear in the secondary winding of the transformer. Alternatively, if the 
inverter output is connected to an ungrounded Y -connected transformer 
primary winding, the zero-sequence components of the output voltage will 
be forced to zero. 

Thus the output (ac) side voltage harmonics that appear in the 
transformer secondary for either of the above two transformer connections 
will be 6q ± 1 where q = 1, 2, 3, ... including both positive and negative
sequences. The de side current harmonics generated are given by 6q where 
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q = 1, 2, 3, ... [7]. Hence we can state that the ac side harmonics are 
complementary of the dc side harmonics. 

Table 5.3. Harmonic sequences of a 6-step inverter 

Sequences Harmonic number n 
Zero-sequence 3 9 15 21 

Positive-sequence 7 13 19 
Negative-sequence 5 II 17 23 

Lower order voltage harmonics are of concern to any power system. 
Since the power system is mostly inductive, the currents produced by higher 
order voltage harmonics get attenuated. Since the effective impedance of an 
inductive circuit increases with the increase in frequency, the magnitude of 
the nth harmonic current reduces with the increase in the value of n. This 
implies that the reduction in the current magnitude associated with lower 
order harmonics is not as significant as the reduction achieved for higher 
order harmonics. We must therefore try to eliminate the lower order voltage 
harmonics. Let us consider two 6-step converters that are connected as 
shown in Figure 5.17. In this diagram only the dc side is shown. It can be 
seen that both these inverters are supplied by a common dc source that has a 
potential of Vde = 2 V. 

Al Bl Cl A2 B2 C2 

Inverter 1 Inverter 2 

v 1 1 
de I 
T 

Figure 5.17. DC side connection diagram of two 6-step inverters 

Let us consider the 6th harmonic component on the dc side of the 1 st 
inverter. It can be eliminated if another 6th harmonic component that is 
shifted by 180° at that frequency is added to it. Their sum will then combine 
to zero. To effect a phase shift of 180° from the 2nd inverter, firing instants of 
all the switches of the 2nd inverter must lag the corresponding switches ofthe 
1 st inverter by 30° at the fundamental frequency. This will ensure that 'the 6th 



158 Chapter 5 

harmonic component of the 2nd inverter lags that of the I s\ inverter by 180°. 
Furthermore, such a phase shift will ensure the cancellation of all the odd 
mUltiples of the 6\h harmonic components. For example, the 18\h harmonic 
component of the 2nd inverter will lag that of the I st inverter by 540° making 
them in phase opposition. Thus only the even multiples of the 6\h harmonic 
component will remain in the dc side. 

Let us now investigate what happens in the ac side if the firing angles of 
all the switches of the 2nd inverter are delayed by 30° on the fundamental 
frequency from the corresponding switches of the I s\ inverter. The respective 
phase-A output voltage waveform of the two inverters are shown in Figure 
5.18 when the fundamental voltage of the 2nd inverter lags the fundamental 
voltage of the 1 sl inverter by an angle O. The Fourier series of the phase-A 
voltage of these two inverters are given by 

-

c ----------- ------------------ --------- -------------------- ------

-v 

o---- ----------------------------- ----------------------------- -

- vr-i 
o-e----~1-0~0=------2~0"~0 

Degree 
300 400 

Figure 5.18. Output waveforms of two phase shifted inverters 

f 4V. " 4V . 
Al = -sm OJI + L. -sm nOJI 

Jr n=5,7, .. nJr 

fA2 = 4V sin(OJt - 0)+ I 4V sin(nOJI - nO) 
Jr n=5,7, ... nJr 

(5.22) 

(5.23) 

From (5.22) and (5.23) it is obvious that for B = 30°, the 5th and 7th 

harmonic component of the 2nd inverter are phase shifted by - 150° and -
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210° respectively with respect to the 15t inverter. In order to eliminate these 
two harmonic components, the 5th harmonic component needs to be further 
phase shifted by - 30° and the 7th harmonic component need a phase shift of 
+ 30°. This means that negative sequence is phase shifted by - 30°, while the 
positive sequence is phase shifted by + 30°. 

We can connect any three-phase transformer in L1-Y to provide + 30° 
phase shift between their primary and secondary windings [6]. In that case if 
the positive sequence is phase shifted by + 30°, the negative sequence gets 
phase shifted by - 30° and vice versa. To explain this, consider the L1-Y 
connected transformer that is shown in Figure 5.19. In this the uppercase 
letters denote the primary side and the lowercase letters denote the secondary 
side. Also the addition of a suffix 1 to winding names differentiates them 
from the terminal names. 

The vector diagram when the terminals ABC are connected to a balanced 
supply with phase sequence ABC is shown in Figure 5.20. It is evident that 
the induced secondary voltages (e.g., Valal ,) lead the corresponding primary 
line to neutral voltage by 30°. This phase shift same for all frequencies, i.e., 
for all positive sequence harmonics (i\ 13th etc.). For negative sequence 
harmonics (5 th, 11 th etc.), the phases Band C exchange positions and the 
phase angle is - 30°. 

Al----.., ..----a 

Cl 

b 
BI------J ~---------c 

PRIMARY SECONDARY 

Figure 5.19. Schematic diagram of three single-phase transformers 

The transformer connection for the addition ofthe output of two inverters 
is shown in Figure 5.21. The L1-connected primary windings are connected to 
outputs of two inverters at points AI, B 1, Cl (Inverter I) and A2, B2, C2 
(Inverter 2). The inverter outputs A2, B2, C2 are arranged to lag the outputs 
AI, B 1, Cl by 30° through a phase shift in their gating signals. The 
transformer connected to Inverter I (L1-open star) has a turns ratio of 1: 1, 
while that connected to Inverter 2 (L1-L1) has a turns ratio of 1 :'\13. 
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Figure 5.20. Positive-sequence phasor diagram 
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Figure 5.21. Transformer connection to add the outputs of two inverters 

The secondary windings a2a2', b2b2' and c2c2' of the transformer 
connected to Inverter 2 are connected in Ll, Thus there is no phase shift 
introduced by this inverter transformer. The secondary windings of the 
transformer at the output of Inverter 1 are connected in an open star with the 
terminals aI, b 1, c 1 forming the open star. Note the dotted terminals in 
Figure 5.21. Then from this figure we get 

If we consider only the fundamental component of the inverter outputs, then 
the vector diagram corresponding to the above equation is shown in Figure 
5.22 (a). It shows that Vab is in phase with the primary reference voltage 
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VAIN, which is the fundamental output of Inverter 1. The other voltages can 
be written by symmetry from Figure 5.21 

Vbe = Vblbl , + V b2b2 , - Valal , 

Vca = v.:·lcI' + Ve2e2 , - Vblbl , 

A vector diagram corresponding to the 5th harmonic is shown in Figure 
5.22 (b). The phase angles of the three terms in the equation for Vab are such 
that they cancel out completely. A similar diagram can also be drawn for the 
7th harmonic and it can be shown that this component also becomes equal to 
zero. 

Velcl' = 1 V alal , = 1 

~oo 
- Velcl ' 

V alal , 
(a) 

..... :-... -... -.. -... ~----::=-----+~ Va2a2' .... 
•..•... sum is zero 
- Velcl' (b) 

Figure 5.22. Phasor diagram (a) fundamental and (b) 5th harmonic 

A time domain construction corresponding to the expression Vab is shown 
in Figure 5.23 (a). The levels produced are 1, 1+-V3 and 2+-V3 times the dc 
bus voltage of the inverter supplying the primary, which is 1I-V3 per unit for 
this figure. The circuit discussed above is a 12-step inverter. The output line
to-line voltage waveform of this inverter is shown in Figure 5.23 along with 
its harmonic spectrum. The dc side voltage Vde is chosen to be 1.0 per unit to 
obtain the output voltage. It is evident from Figure 5.23 (b) that the most 
dominant ac side harmonic components are 11th and 13 th . 

It is seen that by providing a phase shift of 30° between two inverter
transformer combinations, it is possible to generate a 12-step waveform with 
a spectrum that contains 11th and higher order harmonics only. If we now 
combine two such inverters, we shall be able to get a 24-step inverter. In this 
case however the phase difference between the successive inverter
transformers must be 15°. In a similar way we can construct a 6q-step 
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inverter by providing a phase shift of 3600 /6q between the successive 
inverter-transformers. 

Output L·'D- L \/OIUIO. o112-Stl!p In\lerter Harmonic Spectrum 01 a 12-Step tl~r1r!:r 
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Figure 5.23. (a) Output voltage waveform ofa 12-step inverter and (b) its harmonic spectrum 

The construction of multi-step inverter requires a number of single-phase 
transformers that can be connected to provide any feasible degree of phase 
shift. The development of a 48-step inverter using eighteen single-phase 
three-winding transformers and six single-phase two winding transformers is 
reported in [8] and its use in bulk power transmission is given in [9-11]. The 
basic idea of construction here is to provide phase shift using these 
transformers. In the 48-step inverter the phase shift is 7.5° between the 
successive inverters. 

5.4.2 Multilevel Inverter 

The inverter configuration shown in Figure 5.15 is basically that of a 2-
level inverter as the output voltage can take on the values + V and - V. 
However there is a class of inverters that can take on more than two values. 
They are called multilevel inverters [12-18]. Multilevel inverters are usually 
named after the level of voltages that can be obtained from them. For 
example a 3-level inverter can produce voltage levels of + V, 0 and - V 
where V is the voltage of the dc supply. Similarly four different voltage 
levels can be obtained from a 4-level inverter, five different voltage levels 
can be obtained from a 5-level inverter and so on. Below we shall discuss the 
construction and operating characteristics of some of these inverters. 

The schematic diagram of one leg of a 3-level inverter is given in Figure 
5.24. It contains four switches (Sla, Slh, S2a and S2b) and two diodes (DI and 
D2)' Each of these switches consists of a power semiconductor device and an 
anti-parallel diode. Each of the two dc sources supplying the inverter has a 
magnitude of V. The neutral point of these two sources is denoted by N. A 
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three-phase inverter can be constructed by duplicating the leg shown in 
Figure 5.24. The output voltage across A and N is given in Table 5.4 for 
various switch combinations. It is evident from this table that the output 
voltage has three levels. 

vl 
N t=-A 

V1 D2 S2a 

I~ j S2b 

Figure 5.24. Schematic diagram of a 3-level inverter 

Table 5.4. Output voltage of a 3-level inverter 
Switch Status 

VAN 
Sla Slh S2a S2b 

Off Off On On -V 
Ofr On On Off 0 
On On Off Off +V 

The schematic diagram of one leg of a 4-level inverter is shown in Figure 
5.25. This inverter requires the levels + VI3 and - VI3 in addition to the 
levels of + V and - V. Since the number of levels is even, the level 0 is not 
achievable by this inverter. To achieve the above-mentioned dc levels, three 
capacitors of equal size are connected as shown in the figure. Assuming that 
the capacitors are fairly large, the voltage levels in the various parts of the 
circuit are also shown in Figure 5.25. Note that all these voltages are 
measured with respect to the neutral point (N). Table 5.5 lists the four 
voltage levels across A and N for various switch combinations. Note that for 
each of these four voltage levels, any three of the six switches must be 
closed. This is done to facilitate current flow in either direction. For example 
consider the second row of Table 5.5 in which the desired level is + V13. 
When a current flows out of terminal A, it flows through the switches Sla and 
Slh. However when the current is flowing into terminal A, a path is provided 
through the switch S2a. The voltage level between A and N remains constant 
at + VI3 in either case. 
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~--A 

Figure 5.25. Schematic diagram of a 4-level inverter 

Table 5.5. Output voltage of a 4-level inverter 

Switch Status 
VAN 

Sia Sih Sic S2a S2h S2c 

On On On Off Off Off +V 

Off On On On Off Off + VI3 

Off Off On On On Off - VI3 

Off Off Off On On On -V 

The schematic diagram of one leg of a 5-level inverter is shown in Figure 
5.26 in which only the voltage levels are shown. These voltage levels can be 
obtained using four equal capacitors in the same way as shown in Figure 
5.25. In the 5-level inverter any four switches are closed at any given time. 
Table 5.6 lists the inverter output voltage for various switch combinations. 

v 
~S" V/2 ., 

~ 
SIb 

N tSk -V/2 ~ SId 

E~2" 
A 

VI2 ~ 
N ~ t:S2b 

-V/2 ~ ~S2C 
-V I S2d 

Figure 5.26. Schematic diagram of a 5-level inverter 
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Table 5.6. Out(~ut voltage ofa 5-level inverter 

Switch Status 
VAN 

Sia Sib Sic Sid S2a S2b S2c S2d 

On On On On Off Off Off Off +V 

Off On On On On Off Off Off + VI2 
Off Off On On On On Off Off 0 
Off Off Off On On On On Off - VI2 
Off Off Off Off On On On On -v 

In a similar fashion we can construct six or higher level inverters. The 
structure of a generalized m-level inverter is given in [18]. We shall now 
discuss voltage waveform synthesis techniques using multilevel inverters. 
Selective voltage harmonic elimination has long been proposed in [19] for 2-
level inverters. This well-established technique has been extended to a 5-
level inverter in [20]. Consider the voltage waveform of a 5-level inverter 
shown in Figure 5.27 (a) in which only the positive half cycle is shown. The 
negative half cycle is the mirror image of the positive half cycle. In this 
figure the magnitude of the dc voltage (V) is assumed to be 1.0 per unit. 

The output voltage waveform is reconstructed by firing appropriate 
switches at prespecified instants. For example, at instant C], the switches Slh, 
SIc> Sid and S2a are turned on (see Table 5.6). In a similar way the other 
switches are turned on and off to reconstruct the voltage of Figure 5.27 (a). 
As we mentioned earlier that the voltage waveform has a halfwave 
symmetry. This implies that all the even harmonics and dc component are 
zero. Now notice that the voltage waveform has an odd quarterwave 
symmetry. Thus all the an terms in the Fourier series (c.f. equation 3.40) 
expansion will be zero. Then the magnitude of the nth harmonic component 
of the voltage is given by 

(5.24) 

Evaluating the above equation for odd n we get 

2 
bn =-[-cosnCI-cosnC2 +cosnC3 -cosnC4 ] (5.25) 

n7r 

To eliminate 3rd , 5t\ 7th and 9th harmonics we obtain four simultaneous 
nonlinear equations substituting n by 3, 5, 7 and 9 in (5.25). The solutions of 
these equations are given in [20] as 
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Figure 5.27. (a) Output voltage ofa 5-level inverter and (b) its harmonic spectrum 

The voltage waveform of Figure 5.27 (a) is drawn with these values and the 
corresponding harmonic spectrum is shown in Figure 5.27 (b). The 
fundamental frequency is assumed to be 50 Hz. The voltage spectrum is 
normalized with respect to the fundamental. It can be seen that the highest 
order harmonic in this case is 11 tho 

Multilevel inverters can also be operated in PWM control mode [16,21]. 
One major drawback of this form of multilevel inverters is the requirement 
of a large number of capacitors. The switching of these inverters can cause 
unequal charging of the capacitors resulting in voltage imbalance [21-23]. 
Usually the following factors are responsible for capacitor voltage imbalance 

- Unequal capacitor leakage currents. 
- Unequal delay in the semiconductor devices. 
- Asymmetrical charging of capacitors during transients. 
- Asymmetrical circuit configuration. 

A solution to capacitor imbalance problem has been given in [21], which 
uses voltage feedback to cancel out imbalance. The other possible solution to 
this problem is to use chopper circuit that can transfer charge from one 
capacitor to another thereby maintaining and equalizing the voltages [24]. 
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5.4.3 Chain Converter 

The basic chain converter consists of a string of H-bridge inverters 
around capacitors. Each capacitor may be inserted in a positive or negative 
sense or bypassed. The use of GTOs to reduce losses often implies that the 
capacitors are switched in or out once per half cycle. The maximum voltage 
is achieved by switching all capacitors inserted with the same direction. The 
schematic diagram of a chain converter is shown in Figure 5.28. 

Figure 5.28. Schematic diagram of a chain converter 

Conceptually the modulation would then be built up as in Figure 5.29. 
The turn on and turn off of each of the levels determine the voltage to be 
synthesized. The control is made more difficult since the capacitor size is 
finite and there is a change in voltage of each of the capacitors particularly 
those on the longest period. In the chain converter, the energy is not shared 
between the levels or phases and thus large energy storage capacity is 
required. The result shown in Figure 5.29 uses a very large capacitor so the 
voltage changes for the levels are not visible. 

The control does not anticipate droops but does measure capacitor 
voltages at the beginning of the switch period. Each switch period is 
assumed to be equal. The idea is to choose the time to turn each level on so 
that the average voltage over the switch interval matches the desired voltage. 
For N levels of capacitor, there will be N switchings to a new level in each 
quarter of a cycle. For analysis here equal N switch intervals are chosen. 
More sophisticated analysis would shape the intervals to produce the 
minimum current ripple. The main factor to be considered here is that the 
finite capacitor size will cause the voltage of each link in the chain to change 
as the on time proceeds. 
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Figure 5.29. Basic addition of levels for one phase of a chain converter 

Alstom has developed the chain converter for use by the national grid in 
the United Kingdom. The aim was to develop controllable reactive elements 
with low losses. The control scheme used by Alstom is based on off-line 
optimization for a range of line currents. The controller interpolates between 
the computed firing points when the current is in between the computed 
values. In common with all such optimizations, there will be no 
compensatory changes in the firing when the system changes due to voltage 
harmonics or variations in the capacitor parametric values. 

The chain converter can provide reactive power and harmonic 
compensation. It can combine switch modules for higher voltage higher 
power operation with an effective increase in switch frequency. The 
converter is not usually suitable to connect between a dc source and supply 
mains because the energy is not drawn from a single source. Each dc stage 
needs to draw energy from electrically separate sources. This may however 
be a strength for photovoltaic or fuel cell applications. 

So far in this chapter we have discussed the topology of the basic 
inverters and how their operation will influence their use in distribution 
compensators. While the soft switch version is not receiving strong attention 
for compensators, the multi-step or multi-inverter topologies offer a very 
attractive path for the application in which they are connected to ac buses, 
particularly at high voltages. We shall now discuss the inverter control 
techniques. 
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5.5 Open-Loop Voltage Control 

There are many forms of modulation used for communicating 
information. When a high frequency carrier has an amplitude varied in 
response to a lower frequency signal we have what is called an amplitude 
modulation (AM). When the carrier frequency is varied in response to the 
modulating signal we get frequency modulation (FM). These signals are 
used for radio modulation because the high frequency carrier signal is 
needed for efficient radiation of the signal. When communication by pulses 
was introduced, the amplitude, frequency and pulse width become possible 
modulation options. In many power electronic converters pulse width 
modulation (PWM) is the most reliable way of reconstructing a desired 
output voltage waveform. For a reliable signal representation it is necessary 
that the frequency of the switching be significantly higher than that of the 
desired signal. 

Modulation in power electronics is a process of forming a switched 
representation of a waveform. The switched representation is more efficient 
compared with linear amplifiers. The linear amplifier has a voltage across 
the switch while it is carrying current and thus dissipates as much energy as 
is delivered to the load. Ideally the switched signal can handle high power 
with an efficiency approaching 100%. 

There are two approaches to forming a switched waveform - open and 
closed loop. The most well-known modulation scheme performs well in 
open loop. This modulation is based on having the average value of the 
switched waveform to match the average value of the modulating signal over 
an interval. The concept is most easily applied for fixed switch frequency 
applications. 

5.5.1 Sinusoidal PWM for H-Bridge Inverter 

The schematic diagram for the generation of PWM control signal is 
shown in Figure 5.30. It contains a carrier signal and a modulating signal. 
The magnitudes of these two signals are compared through an analog 
comparator. The PWM control signal is set high when the modulating 
signals has a higher numerical value than the carrier signal and is set low 
when the carrier signal has a higher numerical value. This implies that in the 
H-bridge, switches SI and S2 (see Figure 5.2) are closed when the modulating 
signal is higher than the carrier and switches S3 and S4 are closed when 
carrier is higher than the modulating signal. Since the output voltage of the 
inverter for such an arrangement is ± Vdc , this is called bipolar voltage 
switching. 
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The most popular form of pulse width modulation synthesis is the 
sinusoidal PWM (SPWM). In an SPWM scheme the modulating signal is 
sinusoidal and carrier signal is a triangular wave. The frequency of the 
modulating signal is chosen to be the fundamental frequency of the output 
waveform to be synthesized. The SPWM output waveforms are defined in 
terms of modulation index (ma) and frequency ratio (mf). The modulation 
index is the ratio of the peak of modulating waveform to the peak of the 
carrier wave, while the frequency ratio is the ratio of the frequency of the 
carrier wave to that of the modulating wave. Typical bipolar sinusoidal 
PWM waveforms are shown in Figure 5.31. In this figure the frequency ratio 
(mf) is chosen to be 9 and the dc source voltage (Vdc) is assume to be 1.0 per 
unit. Two different PWM output voltages are shown - one when ma is less 
than 1 and the other when ma is O. The former is called modulated output and 
later is called unmodulated as the modulating waveform is zero in this case. 

Let us define the frequency of the carrier wave as!c and that of the 
modulating wave as1m. It is evident from Figure 5.31 that the SPWM output 
waveform is not sinusoidal. In fact it will contain fundamental and 
harmonics of the frequency 1m. The peak amplitude of the fundamental is 
equal to ma times the dc source voltage [1]. The harmonic spectrum of a 
bipolar SPWM output voltage with mr= 9, ma = 0.4 and Vdc = 1.0 per unit is 
shown in Figure 5.32. Since the SPWM output waveforms have mirror 
image or halfwave symmetry, the even harmonics are absent. The most 
dominant harmonics present in the output voltage of an SPWM is mf, which 
in this case happens to be the 9th• The other possible harmonics are mf ± 2, 
mf± 4, 2 mf± 1,2 mr± 3, 3 m/; 3 mr± 2 etc. 

The peak amplitude of the harmonic components given in Figure 5.32 is 
listed in Table 5.7 [1]. Note that the harmonic numbers and their numerical 
values vary with both mf and ma. It is thus desirable to obtain a general 
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expression for computing the numerical values of harmonics. One such 
method, given in [25], uses Bessel function to form closed form expressions 
of the harmonics. However with modern day high-speed computers, the 
numerical values can be computed with ease. 

'\ .. 
Modulated output 0 < ma < 1 Modulating signal 

0- - ----- ----- ----- ---- --- - -----

Unmodulated output ma = 0 
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Figure 5.31. Bipolar SPWM waveforms 
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Figure 5.32. Harmonic spectrum of bipolar SPWM output voltage for mf= 9 and ma = 0.4 

From Table 5.7 it is evident that the harmonics in the output voltage 
appear at a multiple of the frequency ratio and its sidebands. Note that for 
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SPWM rn( is always chosen as an odd integer. This choice results in both 
quarterwave and halfwave symmetry eliminating the even harmonics and the 
dc component. Another important point to be noted is that the modulation 
index is always chosen to be in the range 0 < rna < I. A value of rna greater 
than 1 results in over modulation. An over-modulated output voltage for rna 
of 1.2 shown in Figure 5.33. The harmonic spectrum of the output voltage, 
shown in Figure 5.34, contains all the odd harmonics. 

Table 5.7. Numerical values of harmonics for mt = 9 and m" = 0.4 
Harmonic Number 

Peak Amplitude (per unit) 
In Terms of mt Actual Values 

0.4 
m, 9 1.15 

7, 11 0.061 
2m,± 1 17, 19 0.326 
2m,± 3 15,21. 0.024 

3m, 27 0.123 
25,29 0.139 

3m,±4 23,31 0.012 

Modulated output m a > 1 

o ------------------- ---- -- - --------------------

o 0.005 0.01 
Time(s) 

0.015 0.02 

Figure 5.33. Over-modulated SPWM output waveform for mf=9 and m" = 1.2 

So far we have discussed bipolar SPWM technique. It is also possible to 
run the H-bridge inverter of Figure 5.2 in an unipolar fashion. In this the 
inverter output voltage varies between + Vdc and 0 in the positive half cycle 
of the modulating signal and between - Vdc and 0 in the negative half cycle. 
Let us denote the modulating voltage by Vmnd. Then the unipolar switching 
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scheme is based on the modulating waveforms Vmod and - Vmod. This is shown 
in Figure 5.35. 
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Figure 5.34. Harmonic spectrum of the over-modulated output of Figure 5.33 
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Figure 5.35. Unipolar SPWM output waveform for mj= 9 and ma = 0.8 

The uniploar PWM control law is as follows. Unlike the operation of the 
H-bridge inverter discussed so far, the switches of each leg do not take 
complementary values. Table 5.8 lists the four switch states that the inverter 
of Figure 5.2 can have. When both the two upper switches are on, the output 
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voltage is zero. The current will then circulate, depending on its direction, 
either through the power semiconductor device of S1 and anti-parallel diode 
of S3 or through the power semiconductor device of S3 and anti-parallel 
diode of S1. Similarly when both the lower switches are on, the power 
semiconductor devices and anti-parallel diodes of S2 and S4 maintain the 
continuity of current. 

Table 5,8, Four switch states of the H-bridge inverter of Figure 5.2 
Switches On Output Voltage 

S2 and S" 

Let us denote the carrier waveform as Vcarr. Then the uniploar SPWM 
switching waveforms are generated as follows. 

If vmod > vearr then switch S1 on 

elseif v mod < vearr then switch S4 on 

If -vmod > vearr then switch S3 on 

elseif - vmod < vearr then switch S2 on 

This implies that in the positive half cycle of Vmod, when the value of Vmod is 
more than the value of Vearr and the value of - Vmod is less than that of Veal'''' 

the inverter output is Vde; it is zero otherwise. Similarly in the negative half 
cycle of Vmod, the inverter output voltage is - Vde only when the value of Vmod 

is less than the value of Vearr and the value of - Vmod is more than that of Vcarr · 

Otherwise it is zero. The advantage of the unipolar switching is that the 
harmonics gets shifted and appear as the side bands of the even multiples of 
mt, For the output voltage of Figure 5.35, the harmonic spectrum is shown in 
Figure 5.36. 

5.5.2 Sinusoidal PWM for three-phase Inverter 

Let us consider the three-phase inverter shown in Figure 5.15. In a three
phase PWM three sinusoidal modulating signals are generated, each phase 
shifted from the other by 120°. These are denoted by Vmod,a, Vmod,b and Vnwd,e in 
Figure 5.37. The switches of the leg-A of the inverter in Figure 5.15 are 
switched by the intersection of Vnwd,a in the same manner as discussed above, 
i.e., when Vmod,a is higher than Vearr, then switch on S1 such that VAN = + V. 
Again when Vmod,a is lower than Vcarr, then switch on S4 such that VAN = - v. 
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Therefore the output voltage VAN varies between ± V. In a similar way, the 
switches of the inverter leg-B and C are turned on or off by comparing the 
carrier wave with Vmod.b and Vmod.c respectively. 
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Figure 5.36. Harmonic spectrum of unipolar switching for mJ= 9 and m" = 0.8 

The line-to-line voltage between any two legs of the inverter then looks 
like the output waveform of a unipolar inverter. Note that these voltage vary 
between ± V. This is also shown in Figure 5.37 in which the fundamental 
components of the voltages VAB, VBe and VCA are phase shifted from each 
other by 1200 • Also note that since the line-to-line voltage waveforms look 
like the unipolar SPWM output, their harmonic components also appear as 
sidebands of the even multiple of ml similar to the ones shown in Figure 
5.36. 

5.5.3 SPWM in Multilevel Inverter 

The sinusoidal PWM method can also be applied to a multilevel inverter. 
One such technique is outlined for odd-level inverters in [16]. In this there 
are (N - 1) carrier waveforms where N is the number of levels. These carrier 
waveforms can be placed in various fashions. We shall however consider the 
case in which the carriers are in phase but have different dc offsets. The 
waveforms for a 5-level inverter are shown in Figure 5.38. In this figure Cal 
varies between 0.5 to 1, Ca2 varies between 0 to 0.5, Ca3 varies between 
- 0.5 to 0 and Ca4 varies between - I to - 0.5. To restrict the inverter from 
over modulating, we assume that the sinusoidal modulating wave varies 
between - 1 and 1. 
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Figure 5.37. Three-phase SPWM inverter output waveforms 
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Let us now consider the 5-level inverter shown in Figure 5.26 and its 
switching operations listed in Table 5.6. We assume that the de voltage V is 
1.0 per unit. Then the inverter operates in the following fashion. The inverter 
output voltage is made + 0.5 per unit when the instantaneous value of the 
modulating waveform becomes more than that of the carrier wave Ca2. From 
Table 5.6 it can be seen that this is achieved by closing switches SIb, SIc, SId, 
and S2a. The inverter output voltage is made 1.0 per unit through appropriate 
switches shown in Table 5.6 when the modulating waveform similarly 
crosses Cal. In the negative half cycle the inverter output is made - 0.5 per 
unit when the instantaneous value of Ca3 becomes more than that of the 
modulating wave and it is made - 1.0 per unit when Ca4 similarly crosses 
the modulating wave. The switches to be utilized for achieving these voltage 
levels are given in Table 5.6. It is also assumed that the capacitor voltages of 
the 5-level inverter are maintained such that regulated ± 0.5 per unit and ± 
1.0 per unit voltage levels are available. 

The modulated output waveform of Figure 5.38 is obtained for ml= 9 and 
ma = 0.8 where ma is defined with respect to the outer level of carrier wave. 
The harmonic spectrum of this waveform is shown in Figure 5.39. It can be 
seen from this figure that the magnitUde of the fundamental is almost 0.8. 
However, it contains all odd harmonics with the most prominent being at mi' 

Other dominant harmonics also appear as sidebands of the multiple of mi' 

Compared to the magnitudes of the unipolar SPWM output harmonic 
components of Figure 5.36 the magnitudes of harmonic components of 
Figure 5.39 are smaller. In fact the total harmonic distortion (THO) of the 
output of the multilevel inverter output voltage is 31.61 % while that of the 
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output voltage of the unipolar SPWM is 69.36%. Therefore the increased 
voltage level has caused a reduction in the THO by more than half. Note that 
an increase in the frequency ratio mj will not result in the reduction of THO 
any further. However, the dominant harmonics will now be higher order that 
can be easily filtered by inductive loads. 

o 0.005 0.01 
Time(s) 

0.015 0.02 

Figure 5.38. Output waveform of a 5-level inverter 
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Figure 5.39. Harmonic spectrum of 5-level inverter voltage output for rnj= 9 and rna = 0.8 
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5.5.4 Space Vector Modulation 

This is essentially an averaging technique that takes into consideration 
that a three-phase inverter has only eight switch states. Consider the inverter 
shown in Figure 5.15. There are two states for each leg. Therefore, for the 
three independent legs of the inverter, a total combination of 23 states can be 
obtained. Let us consider the positive instantaneous symmetrical component 
given by 

(5.26) 

1200 

where a = e' and VAN VBN and VCN are the voltages of the three output 
terminals of the inverter (see Figure 5.15). Note that each of the voltages VAN, 

VBN and VCN can have a value of either + Vor - V. The eight states are then 
listed in Table 5.9 along with the switch positions for V = 1.0 per unit. Out of 
these eight states two states correspond to the voltage vector VI being zero. 
These two states are obtained by either closing all the three top switches or 
closing all the bottom switches. 

Table 5.9. Eight switch states ofa three-~hase inverter 
State Switch Status Out~ut Voltages 
No. SI S2 S3 S4 Ss S6 

VI 
VAN VBN VeN 

I On Off Off Off On On + \ - 1 + \ 0.5774 - 11.0 
II On On Off Off Off On + \ - \ - \ 1.1547 + 1°.0 
III On On On Off Off Off +\ + \ -\ 0.5774 + )\.0 
IV Off On On On Off Off -\ + \ - \ - 0.5774 + 1\.0 
V Off Off On On On Off - \ + \ + \ - 1.1547 + 1°.0 
VI Off Off Off On On On -\ -\ +\ - 0.5774 - /\.0 
VII On Off On Off On Off +\ + \ + \ ° 
VIII Off On Off On Off On - \ - \ -\ ° 

These eight switch states are pictorially depicted in Figure 5.40. Each 
vector is displaced from the contiguous vector by 60°. The entire voltage 
vector space is divided into six regions. Each region is the triangular area 
between two contiguous vectors, e.g., Region 1 is the space between vector I 
and II. Now suppose at any given instant of time we want to recreate the 
vector vp shown in Figure 5.40. This can be done by time averaging of the 
nearest inverter state vectors I and II and the zero vector (VII or VIII). The 
averaging is done over a suitably chosen time interval tao This technique is 
known as space vector modulation [26]. 
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Figure 5.40. Inverter space vectors 
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1.5 

Let us denote the inverter voltage for states I, II and VII respectively as 
VI, VII and VYII. Then assuming that the inverter spends time tl in state I and 
time t2 in state II we get the following equation 

(5.27) 

Let us assume that vp has a magnitude of Vpm and an angle a with vector VI. 

Note from Table 5.9 that v" VII and VYII have numerical values of 
0.5774 - )1.0,1.1547 + )0.0 and 0, respectively. Then (5.27) can be resolved 
into real and imaginary parts as 

(5.28) 

(5.29) 

Note that Table 5.9 is generated for V = 1.0 per unit. A general expression 
for any Vthen can be written from (5.28) and (5.29) as 

t, V pm . (60 0 ) -=--SIO -a 
ta V 

(5.30) 
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12 Vpm 
-=--sma 
ta V 

(5.31 ) 

The inverter then can be operated with 1\ time in state I, 12 time in state II 
and the remaining ta - 1\ - t2 time in zero voltage state (VII or VIII). In order 
to reduce commutations per cycle, it is necessary to calculate the state 
transitions carefully. For example assume that the inverter is required to 
reconstruct two consecutive values of vp that are in the Region 1. Then the 
inverter switching sequence will be I - II - VIII - II - I - VII. This means 
that for the reconstruction of the first value of vp , the inverter first spends 1\ 

time in state I, then spends 12 time in state II and finally spends ta - t\ - 12 

time in state VIII. Subsequently for reconstructing the second value of vp the 
inverter first spends t2 time in state II, then spends t\ time in state I and 
finally spends ta - t\ - t2 time in state VII. This pattern ensures that two 
switches remain in their old state during any transition. It is thus important 
that the entire switching pattern is mapped before operating the inverter. 

An example of space vector output voltage is given in Figure 5.41 in 
which V is taken to be 1.0 per unit. This is accomplished by placing four 
equidistant vectors in each region and then maintaining the switching cycle 
mentioned above. The harmonic spectrum of modulated voltage is shown in 
Figure 5.42. It can be seen that it contains all odd harmonics including the 
triplens. The total harmonic distortion of 64.1 % is comparable to that 
obtained for unipolar switching. 

5.5.5 Other Modulation Techniques 

In a trapezoidal modulation scheme the gating signals are obtained by 
comparing the triangular carrier waveform with a modulating trapezoidal 
wave [27]. This type of modulation can increase the peak of the fundamental 
wave. However, the output contains lower order harmonics. In a staircase 
modulation the modulating wave is a staircase [28] while in stepped 
modulation the modulating wave is a stepped waveform [29]. The carrier 
wave in both these schemes is triangular. Note that neither the staircase nor 
the stepped waveform is a sampled and zero-order hold approximation of a 
modulating sinewave. While both these methods produce high quality output 
waveforms, the amplitude of the fundamental is lower for the staircase 
modulation and higher for stepped modulation. However, to obtain high 
quality output the number of pulse per cycle has to be computed beforehand 
for both these methods. 

PWM techniques often produce high acoustic noise at the PWM 
switching frequency and at its multiples. Randomizing the pulse position in a 
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PWM inverter can reduce this objectionable noise [30,31]. Such strategy, 
when employed in ac motor drive systems, can not only reduce the acoustic 
noise but also can reduce EMI. However, its scope of application to power 
systems is very limited. 
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Figure 5.41. Space vector modulated output 
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Figure 5.42. Harmonic spectrum of the space vector output voltage of Figure 5.41 
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5.6 Closed-Loop Switching Control 

In the open-loop control, the objective is to produce a set of voltages with 
a specified fundamental magnitude and phase. Such synthesis has 
application in power transmission systems, especially with the FACTS 
controller that employ synchronous voltage source (SVS). However, most 
custom power devices are operated in closed-loop fashion in which they 
either track a specified current reference or a voltage reference or both. We 
have already discussed one such controller while discussing current tracking 
in hysteresis band. In this section we shall discuss closed-loop switching 
control in detail. 

5.6.1 Closed-Loop Modulation 

The open-loop PWM modulation makes the following assumptions 

- The voltage being switched is always exactly constant. 
- The switching of the output occurs exactly at the instant defined by the 

logic signal. 
- There are no voltage drops associated with the switches. 

These imperfections, which are present in all switching systems, mean that 
the exact modulation will not be produced. The synthesis of the imperfect 
switched voltage waveform will mean that the resulting current, power or 
harmonic correction will not be perfectly produced. One of the earliest 
applications of feedback was to overcome the nonlinearities of the early 
valve amplifiers. High gain feedback reduces susceptibility of the 
amplification to amplifier nonlinearities. The standard feedback control 
systems have an amplifier driven by the error between the reference signal 
and the output. This is shown in Figure 5.43. The PWM modulator can be 
modeled as an amplifier of the low frequency terms provided the system 
attenuates the additional switch frequency terms. In practice the gain of the 
modulator must be limited because there will always be some switch 
frequency terms present which can dominate over the error signal creating an 
imperfect modulation. 

Another form of modulation relies on the system to ramp up and down as 
the switching amplifier changes state. When there are measurable changes in 
the system output at the desired switch frequency then the switching decision 
can be made based on the error signal. The simplest form of this control is in 
very familiar room heater. The heater is turned on when the room 
temperature falls too low and is turned off again when the room temperature 
is too high. If the temperature sensing system has a measurement noise 
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equivalent to 1 degree deciding to switch the heater when the temperature 
falls by 0.1 degree will result in the switching being dominated by the noise 
and creating a very rapid wear for the switch. At a more reasonable 
temperature band of say 3 degrees both the band and the room time constant 
will determine the switch frequency. 

Yr Plant 

y - System Output 
y,. - Reference Input 
e - Error 
u - Control Input 

Figure 5.43. Closed-loop control structure 

Y 

In power electronic applications, excessively high frequency switching of 
the electronic switches will result in unacceptable losses in the switch since 
typically there is a finite energy dissipated in the switch at each switching 
event. 

5.6.2 Stability of Switching Control 

Consider the first order system given by 

x=ax+u (5.32) 

where x is the system state variable and u is the control input. Let us 
constrain the control input u such that it takes values between + 1 and -1. 
Then we choose the following Lyapunov function candidate 

(5.33) 

The Lyapunov function has a derivative of 

v = x(ax+u)= ax2 + ux (5.34) 
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When the system parameter a is negative, the system is stable for u = O. 
The fastest convergence occurs when the control input is a signum function, 
i.e., u = - sgn(x). The signum function sgn(x) is defined as 

{
+ 1 for x> 0 

sgn{x) = -1 for x < 0 

o for x = 0 

(5.35) 

The mmtmum time problem, treated in [32], shows that the optimal 
minimum time problem will be bang-bang, meaning that the control will 
only select the largest positive or largest negative signals. 

Let us now consider the case when a is positive. Let the value of the state 
variable x be positive. Ifwe use the same control as discussed before we then 
get u = - sgn(x) = - 1. The derivative of the Lyapunov candidate function is 

v = x{ax + u)= x{ax -1) (5.36) 

The derivative will be negative and the control will converge if laxl < 1. If, 
on the other hand, the value of the state variable x is negative, the control 
signal is u = + 1. We then get 

v = x{ax + u)= x{ax + 1) (5.37) 

Since x is negative, the derivative of the Lyapunov function will be negative 
and the control will again converge for laxl < 1. Thus we can conclude that 
the control for a positive a converges for laxl < 1. 

Let us now consider the tracking problem in which the output is required 
to follow a reference input xref. For this problem we can use the Lyapunov 
function candidate 

(5.38) 

The derivative of the above function is 

v = (ax + u - X ref )( X - X ref ) (5.39) 

The control law for fastest convergence at a particular instant oftime is 
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u == -K sgn(x - X rel ) (5.40) 

where K is a positive number. Let us assume that x - Xref is negative such that 
u = K. Then from (5.39) we get the following condition for stable control 

ax + K - i rel > 0 => K > i rel - ax (5.41) 

Similarly when x - xrel is positive, we get the following condition from 
(5.39) for closed-loop stability 

ax - K - ire} < 0 => K > ax - i rej (5.42) 

Therefore the system is stable when 

lax - i reI I < K (5.43) 

The control law given in (5.40) is very intuitive in that when the error is 
positive the control should be negative. In practice such a control would 
quickly enter a chatter mode, changing as rapidly as the implementation 
would permit. 

Example 5.4: To illustrate the tracking performance, let us consider a 
reference waveform of Xref == 15 sin(l 00 nt) that has to be tracked by the 
switching controller of the form given by (5.40). Let us assume that the 
parameter a = - 50. Note that derivative of Xref has maximum of 1500 tr. 

Therefore to satisfy the constraint (5.43) we choose K to be 5000. The 
system response is shown in Figure 5.44 in which it is assumed that the 
initial value of x is 20. It can be seen that x rapidly converges to the desired 
state. However, the switching frequency is extremely high. 

Usually, the heating in the semiconductor devices or wear on mechanical 
contacts limit the switching frequency and thus such a control action may 
not be desirable in practice at all. We must therefore investigate alternate 
forms of control to limit the switching frequency. 

5.6.3 Sampled Error Control 

In this method the switching pulses are generated at equidistant discrete 
intervals of time (regular samples). If the error of the tracking were sampled 
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at a set rate and the control chosen based on the sign of the error, the chatter 
frequency is limited to below the sample rate. This will mean that the system 
can converge to a region of the target but will not be guaranteed to reach the 
target and remain there. The size of the chatter region depends on the sample 
time and the system time constants. 

, , , 

5//Xrel 

O~ ................ . 

-5 

-10 

-15 

-2oo'-------o-.o~O-5---0.~O-1 ---O-.~01-5-----.JO.02 
Time (5) 

Figure 5.44. System output and control signal with switching controller 

Consider the error waveform shown in Figure 5.45 (a). The error is 
compared with zero and a switching pulse is generated every time it crosses 
this level between the sample instants. The error is positive at the oth sample. 
It is therefore necessary to bring the error closer to zero. The error however 
remains positive for 1 st, 2nd and 3rd samples and becomes negative in the 4th 

sample. It remains negative in the 5th sample before becoming positive again 
in the 6th sample. The switches during these samples are arranged such that 
the error is forced towards zero. 

The switching waveforms are shown in Figure 5.45 (b). In this figure, the 
desired output, indicated by the dashed line, is xrel = 15 sin (100 Jlt) and the 
parameters a and K are chosen respectively as - 50 and 5000. The actual and 
reference waveforms are compared at each sampling instant. These two 
waveforms are shown in figure. A switching decision is taken based on the 
comparison. For example, a negative going pulse is generated every time the 
actual output becomes greater than the desired output. Similarly, a positive 
going pulse is generated once the actual output falls below the desired one. 
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Figure 5.45. Sampled error control switching strategy 

5.6.4 Hysteresis Control 

187 

We have already discussed hysteresis controller for current tracking 
earlier in the chapter. This is the most common form of tracking control. It 
adds a hysteresis band ± h to the reference signal. The control is generated 
when the system state crosses the band, i.e., 

If (x-xre/»h then u=-K 

elseif (x-xre/)s-h then u=+K 
(5.44) 

where K is a scalar constant. For this case we can assume that the control is 
in the range - K sus K. The chatter frequency will then depend on the 
hysteresis band and the speed of transition. This form of control is always 
stable for first order systems. However the tracking performance may 
deteriorate when the system contains a source or the state value is large. For 
example, consider the system 

x = ax + u + V, sin(UI() (5.45) 

where VI sin (UI t) is a sinusoidal exogenous signal, which can be a voltage 
source. The state velocity will depend on the system state value as well as 
the source value. When the trajectories are curved, using hysteresis to force 
the peak values of x to be equidistant from Xref, the average will not 
necessarily track xre/perfectly. 
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An example of hysteresis band control is shown in Figure 5.46. The 
reference waveform is given by Xrej = 15 sin (100 m) and the parameters a 
and K are chosen respectively as - 50 and 5000. For the waveforms shown 
in Figure 5.46, the value of h is chosen as 0.95. It can be seen that once the 
system output enters the band, it stays inside the band. The switching pulses 
are also shown in Figure 5.46. It can be seen that the switching frequency in 
this case is higher than that sampled error control case shown in Figure 5.45 
(b). However, as the peaks are well controlled, the mean squared error in this 
case is much better compared to that shown in Figure 5.45. Consequently, 
the actual waveform is closer to the desired waveform with the hysteresis 
control. The effect for narrowing the hysteresis band is shown in Fig. 5.44. 
The hysteresis band for this case can be assumed to be zero resulting in a 
perfect tracking but very high switching frequency. 

-20 o 
-----.~--.~-----~---

0.005 0.01 
Time (s) 

0.015 0.02 

Figure 5.46 Hysteresis band control with h = ± 0.95 

5.7 Second and Higher Order Systems 

The simple tracking error based switching controllers discussed in the 
previous section can be viewed as high gain proportional feedback. The 
switching control u = - sgn (x - xre/) will give a unit control even with very 
small errors and thus can be seen as a gain nearing infinity. First order 
systems are readily stabilized by proportional controllers, even when the 
gain approaches infinity, while many resonant systems become unstable 
under high proportional control. To illustrate the idea, let us consider the 
following example. 
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Example 5.5: Consider the circuit shown in Figure 5.47. In this the 
source generates a voltage equal to ± K. In the direction of the currents i1 and 
i2 and the polarity of the voltage Vc are as shown. We shall now investigate 
the closed-loop system stability when we use a hysteretic controller to track 
the currents i1 and i2. 

R1 L1 
1m 

... -
" '" ... -, 

/ \ / \ 
I , + I I ±K ,Vc e L2 

J ~ i2 / 
/ " " - ... 

Figure 5.47. A simple two-loop circuit driven by a switched source 

Let us define a state vector as 

The system state space equation is then given by 

x = Ax + Bu (5.46) 

where 

_li 0 1 
L1 L1 -

1 ~ 
A= 0 0 B= 0 lI=±K 

L2 
0 1 

- 0 
C C 

Let us assume that we are required to follow a reference current given by 
Yrej= 15 sin (100 m). We use this reference to track i1 and i2 separately in the 
hysteresis current control mode. The system parameters are chosen as 
R1 = 0.02 n, L1 = 20 mH,L2 = 40 mH a!1d e = 100 ~F. The value of K is 
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chosen as 700 and h is chosen as 0.95. The tracking results are shown in 
Figure 5.48. It can be seen that when the current i l is chosen as the output 
variable, the controller can track the reference current in the hysteresis band 
(shown in Figure 5.48 a). However, the system becomes unstable when the 
current i2 is chosen as the output variable and the controller is required to 
track the reference in the hysteresis band (shown in Figure 5.48 b). A scaled 
version of the switching controller is also shown in Figure 5.48 (b). Every 
time the controller switches, the current changes in the opposite direction 
without being able to stabilize the system. 

-20 o 

100 

o 

-100 

o 

(a) Stable Tracking 

0.005 0.01 0.015 0.02 
(b) Unstable Tracking 

~~~ __ ~ ___ ._~ ____ --.---J 

0.005 0.01 
Time (5) 

0.015 0.02 

Figure 5.48. Hysteresis control of a third order system 

To investigate the closed-loop stability of the hysteresis tracking 
controller of Example 5.5, let us first consider that II is the output variable. 
Then definingy = II = Cx, where C = [1 0 0], we get the open-loop transfer 
function of the system as 

Let us further assume that K is positive and the switching controller is 
approximated by a proportional control with a gain of Kp . Then defining 
K' = KKp, the characteristic equation for the closed-loop system is 
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(5.47) 

Note that R}, L}, L2, C and K' are positive. Then from Routh-Hurwitz 
criterion it can be shown that the following condition must be satisfied for 
the system to be stable 

(5.48) 

Since the condition (5.48) is always true, the system is stable irrespective of 
the values of the system resistor, inductor, capacitor or the control gain. This 
result is reflected in Figure 5.48 (a). 

Let us now consider that h is the output variable, i.e., y = h Then the 
output matrix becomes C = [0 1 0]. The open-loop transfer function of the 
system is 

The characteristic equation for the closed-loop system is then 

(5.49) 

Then Routh-Hurwitz criterion puts the following condition on stability 

(5.50) 

The condition (5.50) can never be satisfied for reasonable values of the 
components and for the fact that K' is large. Therefore the system will 
always be unstable as shown in Figure 5 .48 (b). 

Using analysis in the similar lines as presented above, it is possible to 
show that a hysteresis controller may be able to function properly for 
tracking current in a second order RLC circuit. However, a hysteresis 
controller will fail for an LC circuit. The closed-loop characteristic equation 
for an LC circuit will be of the form i + (1/ LC + K'). This means that the 
circuit will go through a sustained oscillation. It is therefore imperative that 
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more suitable controllers are used for stabilizing 2nd and higher order 
systems. 

5.7.1 Sliding Mode Controller 

Sliding mode switching design is one useful approach for higher order 
systems. In this approach a sliding line is defined and the system states slides 
along this line to a stable equilibrium point. Consider the system 

x=-ax+u (5.51) 

Let us consider the time varying surface 

S = x+ px (5.52) 

Note that S = 0 is called the sliding surface, which is a linear differential 
equation whose unique solution is x = O. Thus the regulating problem 
reduces to choosing a control such that S is kept at zero for t> O. The system 
motion on the sliding surface can be given as an average of the system 
dynamics on both sides of the surface. This has been termed as the 
Fillippov's equivalent dynamics [33]. 

Let us now examine the positive function V= S. Its derivative is 

v = 2SS = 2{x + px){x + p{-ax + u}} (5.53) 

For u sufficiently large compared with the states and for a positive, the 
control 

u = -K sgn(x + px) (5.54) 

will ensure that the derivative of V is always negative which, for the positive 
hysteresis function, implies that S will converge to zero. 

This S = 0 condition implies 

. 1 
x=--x 

f3 
(5.55) 

which defines the sliding line. The switching control will chatter about the 
switching line and the dynamics of the second order system reduce to the 
first order dynamics of the switching line. This is a two-stage process. In the 
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first stage the main focus is in converging to the sliding line. The effort in 
the second stage is on staying on the line. This implies exponential 
convergence with time constant /3. The convergence requires 

(5.56) 

Thus choosing a small a implies a greater difficulty in ensuring convergence 
in the first place. Sliding mode controllers are discussed in [33-35). 

5.7.2 Linear Quadratic Regulator (LQR) 

Let us consider the state space equation of the form given in (5.46). For 
the single-input case, the following linear quadratic cost function is chosen 

00 

J = J(xl'Qx + ru 2 )dt 
o 

(5.57) 

where Q is a symmetric positive semi-definite matrix and r> 0 is a scalar 
constant which puts a penalty on the maximum control action. The 
minimization of the cost function results in a feedback control of the form 

u=-Kx (5.58) 

where the gain matrix K is obtained by the steady state solution of the 
Riccati equation 

0= ATp + PA -(PBBl'P)/r + Q (5.59) 

(5.60) 

A Linear Quadratic Regulator is shown to produce an infinite gain 
margin and a phase margin of at least 60° [36]. Another important aspect of 
the LQR is that it is tolerant of input nonlinearities, as shown in Figure 5.49. 
The LQR design is stable provided that the effective gain of the input 
nonlinearity is constrained in the sector between ~ and 2 [36). When the 
errors are large, and the control is bounded between + I and - I the elements 
of the gain matrix K must be small. For a set of decreasing values of r, we 
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get a corresponding set of increasing values of K. Thus there always exists a 
value ofr such that Kx is bounded appropriately. 

x 

~ K -=t= r- x = Ax + Bu ~ 
-

Figure 5.49. State feedback in the presence of nonlinear element in the forward path 

Note that for switching controller, the control input U in (5.46) can only 
take on values ± V, where V is a large number. Let us assume for the time 
being that the control input is a continuous-time signal equal to uc. The LQR 
based full state feedback tracking control law is then given by 

(5.61) 

where K is the feedback gain matrix calculated from (5.59) and (5.60). The 
switching variable u is then obtained from this continuous-time signal Ue by 
a hysteresis action around zero, i.e., 

Ifu e >hthenu=V 

elseif ue < -h then u = -V 
(5.62) 

Example 5.6: Let us consider the same system given in Example 5.5 and 
shown in Figure 5.47. We choose a current reference OfYre1= 15 sin (100 m) 
and then generate a feedback signal which will force the current i2 to track 
this reference. In a full state feedback control system of the form (5.61), the 
reference values for all the state variables must be provided. Let us define 
the fundamental frequency as w = 100 re. Assuming that i2re( = 15 sin (w t), 
we get the following two equations from Figure 5.47 

di2re/ ( ) vCret = L2 --= 15wL2 cos wt 
. dt 
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We then get 

vcrel ] (5.63) 

We now use the state reference computed in (5.63) in the LQR control 
law (5.61). The state feedback matrix is generated using 

From the choice of the weighting matrix Q it can be seen that the maximum 
weight is given to i2, followed by Ve. No weighting is given to i1. Also, the 
penalty on control r determines the control effort. The smaller this number, 
the more the control effort, which in this case means increase in the 
switching frequency. The variable V of (5.62) is chosen to be 300 V. The 
value of h in (5.62) is chosen to be 0.001. 

Figure 5.50 shows the tracking results in which all the three state 
variables and their respective references are shown. The tracking errors are 
shown in Figure 5.51. Since we have used a full state feedback in which the 
references of all the state variables are computed accurately, it can be seen 
from these figures that all the state variables converge to their respective 
reference values. 

5.7.3 Tracking Controller Convergence 

When designing a switching control system to track a reference, the 
stability and robustness of the control is of concern. In addition to the 
stability of control system to force the system error to zero, we must also 
evaluate if the tracking process will work well for a given system. To 
facilitate this, let us assume that system state space description is given as 

x= Ax+ Bu (5.64) 

Let us form a reference that is defined by 
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X/,e! = AXl'e! + Bu' (5.65) 

Implicit in this formulation is the assumption that the reference signal is 
attainable for some control input. Many reference formulations can create 
arbitrary output signals without addressing the issue of whether the other 
states are compatible with the reference. 

Reference and Actual Waveforms 
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Figure 5.50. State variable tracking using LQR 
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Figure 5.5/. Tracking error using LQR 
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Defining an error vector as xe = X - xref, we can write by subtracting 
(5.65) from (5.64) 

(5.66) 

From the control law given in (5.61), if we remain on the switching surface, 
then we get [36] 

We can then write 

From the above equation we get 

{u-u*)=_KA X 
KB e 

(5.67) 

Substituting (5.67) into (5.66) the error equation becomes 

(5.68) 

Hence the tracking error will converge to zero for any initial condition 
provided that the following three conditions satisfy. 

- Condition-I: All the eigenvalues of the matrix M of (5.68) have negative 
real parts, 

- Condition-2: The reference signal can be generated by an equation in the 
form of (5.65) and 

- Condition-3: Since u is bounded between + V and - V, (5.67) requires 
that 

* KA -V<u --x <V - KB e- . (5.69) 

It is a property of switching law based on LQR design that Condition-l 
above is satisfied. Most tracking problems are posed as the output of the 
plant following some reference Yrej. Our task is to define a state reference 
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satisfYing Yrej = HXrej' In frequency domain the output equation can be given 
as 

(5.70) 

Assuming that we are dealing with a single-input, single-output (SISO) 
system we can write from (5.70) 

(5.71) 

Thus the corresponding reference state can be formed from 

Xre/(s)= (sf - At BU' (s) (5.72) 

Hence any single output-tracking problem can be translated into a state 
tracking problem and expressed in the form of (5.66). In practice, the circuit 
analysis would be easiest method to form X re/ from Yrej. particularly for 
sinusoidal tracking. This is illustrated in Example 5.6. 

Condition-3 given above cannot be truly satisfied for arbitrary references. 
From (5.71) we can see that a boundedyrefimplies a bounded u'. The system 
states are not necessarily bounded. But if Yre! and the system states are 
sufficiently small, then the Condition-3 can be satisfied and perfect tracking 
can occur. In practice however unmodeled disturbances such as faults or 
large step load changes can be sufficiently large that the tracking conditions 
are lost and a finite tracking error will occur. 

5.7.4 Condition for Tracking Reference Convergence 

The change from output tracking to state tracking is not a problem if the 
system model is known perfectly. The approach analyzed here is where the 
reference for the switching controller is fixed for a period. The system 
reaches steady state then the voltages and currents of the circuit used to 
define the new reference values. In the case of an LC system with a voltage 
reference, a consistent reference value for the current may perhaps be set 
from the fundamental component of current found flowing in the circuit 
when the particular reference voltage is used. 

If we satisfY the stability and magnitude conditions, the system will stay 
in the tracking band and the system performance will approximate 
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This implies 

For the system model given in (5.64) the above equation yields 

K(Ax+Bu-xret)=O (5.73) 

The effective control in this mode can be found as 

uetl = -(K B)-' (KAx - Ki rel ) = 0 (5.74) 

Applying the control to the system (5.64) we get 

(5.75) 

which is stable if the eigenvalues of [I - B(KBr'KjA are in the left half 
plane. This is the same as the Condition-I of Section 5.7.3. For an LQR 
designed system this stability is guaranteed, provided that controller 
saturation is avoided. 

Expressing this state space model in frequency domain then when steady 
state is reached 

x(s) = [sl - (I - B(KB t K ~]-' sB(KB )-' KX rei (s) (5.76) 

Expressing the above equation for the nth harmonic we get 

X{jnw) = UnwI - (I - B(KB t' K ~ ]-' jnwB(KB t' KX rei (jnw) (5.77) 

If the reference value for the k + 1 iteration is based on a linear 
combination of output reference (Yrel) and the steady system solution for 
other system states, e.g., 

we get 
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Xre;(jnm )k+1 = P{Unm/ - (/ - B(KB tl K ~ 11 
jnmB(KBt l K}X re/(jnm)k + T~e/(jnm)k 

Chapter 5 

(5.78) 

Then the stability ofthe reference formulation depends on the eigenvalues of 

being inside the unit circle. 

5.7.5 Deadbeat Controller 

This is a discrete-time output feedback controller in which the penalty on 
control is assumed to be zero. Let the output of the system is given by the 
difference equation 

(5.79) 

where A and B are polynomials given by 

(5.80) 

with n ~ m and Z·I being a unit delay operator satisfying the following 
relation 

In a deadbeat controller the following cost function is chosen 

(5.81) 

It is then minimized by taking its derivative with respect to uc(k) and 
equating the result to zero, i.e., 

aJ [ ] ay(k) 
au c (k) :::: 2 y(k) - y ret (k) au c (k) :::: 0 (5.82) 
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Note from (5.79) and (5.80) that the system difference equation can be 
written as 

y{k) = -a I y{k - 1) - ... - an y{k - n) + bo u c (k) + ... + b m U c (k - m) 

such that 

Therefore the control law from (5.82) is given as 

Uc (k) = _1 [Yref.(k) + aly{k - 1)+ ... + any{k - n) 
b . o (5.83) 

- bl U c (k - 1) _ ... - bmuc (k - m)] 

Once uc(k) is known, the switching variable u(k) can be obtained in the same 
manner as (5.62). Deadbeat PWM control is reported in [37]. 

Example 5.7: Let us consider the same system as given in Examples 5.5 
and 5.6. The continuous state equation (5.46) is converted into a discrete
time form as 

x{k + 1)= ¢x{k)+ (}uc{k) (5.84) 

where k is the kth sample, ¢ is the state transition matrix and () is the input 
matrix. These matrices are given by 

I" 

¢ = eAt" and () = fe AI B dt 
o 

where td is the sampling period. Let the output be defined by y = Hx. Then 
the deadbeat control action can be computed from (5.83) as 

Yrej{k + 1)- H¢x{k) 
uc =-------

H(} 
(5.85) 

A sample time of 100 IlS is chosen and the values of Vand h are the same 
as those given in Example 5.6. The system response when the capacitor 
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voltage Vc is taken as reference (i.e., H = [0 0 1]) is shown in Figure 5.52 
(a). It can be seen that the tracking is reasonably good in this case. However 
the tracking fails when the current ;2 is taken as output (i.e., H = [0 1 0]). 
This is shown in Figure 5.52 (b). The reference in either case is the same as 
those given in Example 5.6. 

The main problem with a deadbeat controller is that it is very sensitive to 
system parameters. Substituting (5.83) into (5.79) we obtain the system 
closed-loop equation of y(k) = YreAk), which implies that the controller poles 
cancels all the open-loop zeros. It will cause problem when the system is 
nonminimum-phase, i.e., when the system zeros are lying outside the region 
of stability (unit circle) [38]. The current tracking failed, as one of the poles 
in this case is located at - 3.73. Therefore the deadbeat controller must be 
judiciously used even if it has a very fast convergence property. 

(a) Capacitor Voltage Tracking 

o 0.01 0.02 0.03 0.04 
(b) Inductor Current Tracking 

0.01 0.02 
Time(s) 

Figure 5.52. Tracking with deadbeat controller 

5.7.6 Pole Shift Controller 

This is a discrete-time control technique in which the open-loop system 
poles are radially shifted towards the origin (i.e., more stable locations) to 
form the closed-loop poles [39,40]. Consider the discrete-time state space 
equation given in (5.84). The eigenvalues of the open-loop system are given 
by the solution of the characteristic equation 

(5.86) 
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In the pole shift controller, the eigenvalues are shifted by a factor A, 
which is called the pole shift factor and is constrained by 0 < A < 1. The 
desired closed-loop poles are then obtained by multiplying the open-loop 
eigenvalues by A. This shifting will results in the desired closed-loop system 
characteristic equation of the form 

(5.87) 

The closer A is to unity, the more is the penalty on control as this will 
prohibit a large amount of shifting of the open-loop poles. 

If the control law is given by ucCk) = - K(x - xre/), then the characteristic 
equation of the closed-loop system will become 

IzI - ¢ + e KI = 0 (5.88) 

The elements of the gain matrix K are then obtained by equating (5.87) to 
(5.88). The switching signal u is then obtained in the same manner as given 
in (5.62). The pole shift design is a suboptimal design that results in smooth 
control action. Also since the penalty on control action can be easily adjusted 
using a single parameter A, the closed-loop system will unlikely to be 
unstable for small pole shifts. In this regard this scores over the deadbeat 
controller which forces all the closed-loop poles to the origin thereby 
requiring excessive control effort. 

Example 5.8: Let us consider the same system as given in Example 5.6 in 
which the references are the same and they are generated in the same manner 
as given in Example 5.6. The values of Vand h are the same as given before, 
i.e., 300 V and 0.001 respectively. The value of the pole shift factor A is 
chosen to be 0.8. The system response is shown in Figure 5.53. It can be 
seen that the tracking of the current i, is not smooth as it ripples around the 
reference. However the tracking of the other two state variables is smooth 
and tracking convergence is very fast. 

5.7.7 Sequential Linear Quadratic Regulator (SLQR) 

We have discussed the linear quadratic controller in Section 5.7.2 where 
it was' mentioned that provided that the effective gain of the input 
nonlinearity is constrained in the sector between 12 and 2 the LQR design is 
stable. When the errors are large, and the control is bounded to ± V, the gain 
K must be small. For a set of decreasing values of r we get a corresponding 
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set of increasing values of K. Thus there will always exist a value of r such 
that Kx is bounded appropriately. Finite time convergence of the regulator 
problem can be shown, provided Q is chosen such that as r ~ 0, K ~ 0. 
This gives a better performance than the exponential convergence of sliding 
line solutions. 

Reference and Actual Waveforms 
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Figure 5.53. Pole shift controller tracking performance 

In many cases the switching is based on 

u = -pro) {K(.x-xret )} (5.89) 

where pro) refers to the projection of the LQR control onto the permissible 
set of switch states. This result helps in designing the control that will create 
the final portion of the trajectory along a switching line. The design also 
provides for good convergence in reaching the switching line for large 
system errors provided that they are stable. For control of an oscillatory 
system with small control limits the projection design will provide good 
damping until the control can force the system onto the final sliding line. 

There are strict conditions discussed on this design [41] for when r 
should be changed as the system converges. But for most cases the simplistic 
solution of increasing K if the control value has been less than ~ for 
extended periods usually provides a satisfactory solution. 

For a well-known environment, the range of errors is known beforehand 
and one value of gain K can be found which, on the average, would keep the 
errors in the desired range. Since the LQR parameters Q and r are chosen by 
a user, the design is not unique. For SISO systems a good set of parameters 
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is found from the consideration of the mirror root locus (42]. The tracking 
problem can be expressed in terms of the output y = Hx in which the 
following cost function is minimized. 

'" 
J == f{y2 + ru 2 )dt (5.90) 

o 

The locus of the roots of the closed loop system as r varies can be found 
from the root locus of the open loop system. The poles and zeros of the 
open-loop system and their values mirrored on the imaginary axis are used to 
define the nominal system and the standard root locus rules are applied. 
Those trajectories in the left half plane define the closed loop poles that can 
be obtained by adjustment of the LQR parameter r. The poles will move 
infinitely fast as the value of r approaches zero, provided there are no finite 
zeros. The choice of H helps in defining the zeros of the system. If the 
system is transformed into controllable canonical form and H is chosen to 
measure only the final state, then there will be no zeros. The design process 
would be to find the transformation matrix T to the controllable canonical 
form and to use <l> = HT in the LQR design. This choice translates to the 
standard Riccati equation with Q == ¢T¢. 

For multi input systems no such unique canonical form is available to 
ensure the lack of finite zeros. Experience to date has shown that Q can be 
easily chosen keeping the design requirement in mind in most cases. 

Example 5.9: Let us consider a series RLC circuit that is driven by a 
voltage source Vs. Let us denote the inductor current as it and the capacitor 
voltage as v(. The system state space equation of the form (5.46) is obtained, 
where 

(5.91) 

Also let the output be the capacitor voltage such that y = vc = [0 1 ]x. Let us 
choose R = 1.5 n, L = 9 mH and C = 100 fJ.F. Then the system matrices are 
given by 

A== B== H= 0 1 [ - 166.67 - 111.11] [111.11] [] 
10 4 0' 0' 
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Let us transform the system into phase variable canonical form so the 
relation between the state space form and the pole-zero form is easily seen. 
This can be done by choosing a transformation matrix T which will 
transform to a new state space description with relationship x = Tz. The 
required transformation matrix, for a general nth order system is [43] 

T= (5.92) 

where 

The matrix S is the controllability matrix. Note that the transformation is 
possible only when the pair {A,B} is controllable such that the matrix S is 
full rank. The transformed state space system is then given by 

z = rlATz + T-1Bu = i\z + fu 

y = HTz =c'Pz 

F or the system given in (5.91) the transformed matrices are 

(5.93) 

[ 
0 

A-
- -1.11 x 106 

I 1 f = [ 0 1 c'P = [0 009 0] 
-166.67 ' 1.23 x 106 ' . 

In this canonical form, the entries in the last row of A are the negative of 
the coefficients of the system transfer function denominator polynomial. The 
elements of <l> define the coefficients of the numerator polynomial of the 
transfer function. To illustrate the LQR solutions as the control penalty 
changes, we can use the mirror root locus. To construct the mirror root locus 
we note that 

(5.94) 

where the polynomials fJ and a define the zeros and poles of the system 
respectively and are given by 
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a(s)=(s+ PI)(S+ P2).··(S+ pJ 
fJ(s) = (S + ZJ(S + Z2)·· ·(S + Zn,) 

We now define a 2n-degree polynomial as 

~(s) = a{s )a{- s) + r -I fJ{s )fJ{- s) 
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(5.95) 

(5.96) 

As is shown in [42] the closed loop poles of the LQR controlled system 
satisfy ~(s)=o as the control penalty r changes. It is obvious that if A is a root 
of ~(s), then - A is also a root of ~(s). Therefore ~(s) will have n left half s
plane roots with n roots in the right half plane that are mirror images. We 
would like draw the root locus of t\(s) = 0 to examine the closed loop poles. 
The points r ---) 0 and r ---) 00 are the extreme points of the mirror root locus. 
For r ---) 00 the roots of t\(s) are the roots of a(s) and their mirror image. For 
r ---) 0 the roots of t\(s) are the roots of fJ(s) and their mirror image. Thus if 
the zeros of the original system were not finite then the roots of ~(s) will not 
be finite. Given that the LQR solution is the stable set of roots the LQR 
solution will become infinitely fast as r ---) O. If the original system has finite 
zeros the LQR solution will still give a finite convergence rate even as the 
control penalty approaches zero. 

The equation ~(s) = 0 can be written in a standard form as [42] 

m 

O(s+zJs-z,) 
(-It-m r- I i~l =-1 

n 
(5.97) 

O{s+PJs-p,) 
i~1 

The mirror root locus of the open-loop system of (5.91) is shown in Figure 
5.54. Note that the system has eigenvalues at - 83 ± jl 051 and no zeros. 
There are four branches of the loci. The left half plane branches start from 
the points - 83 ±j1051 when r ---) 00. Similarly the right half plane branches 
start at 83 ±jl 051. Crosses in the figure mark the starting points. Since there 
are no zeros, all the branches move towards infinity as r ---) O. 

Let us assume that the system is now controlled by an LQR designed 
linear controller. For this we have chosen Q = <Dr <l> and varied r. For each 
pair of Q and r, the gain matrix K is computed. The eigenvalues of the 
closed-loop system are then given by the solution of the equation 
lsI - A + r K] = O. A portion of the root locus as the gain varies is shown in 
Figure 5.55. It can be seen that the system poles move further away from the 
imaginary axis as the control penalty r tends to zero. 
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Chapter 5 

For practical systems, the control value is limited so when the error is 
large the gains must be kept small to avoid saturation As the errors decrease, 
the gains can be increased and if the errors could approach zero the 
convergence could be achieved infinitely fast as in finite time to reach the 
target. For a switching control problem the projection of the desired LQR 
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control value onto the possible switch states will determine the effective gain 
variation. Provided that the LQR control value and the switch value do not 
differ by more than a ratio of 2, over the system trajectory, the system will 
be stable. For tracking problems however, the errors in a finite switch rate 
controller cannot be kept at zero. For this reason control gains cannot 
increase indefinitely without causing saturation, and the control penalty 
cannot be made zero, particularly for switching control. 

Consider the RLC circuit problem discussed before. Since it is a single 
input case, the projection onto ± 1 can be expressed as 

(5.98) 

We can rewrite the above equation as 

(5.99) 

If only the first term were present this would be the same as a standard 
hysteresis controller with zero hysteresis band. The presence of the second 
term acts as the stabilizing term. Note that the actual gains themselves are 
not important but only the ratio of gains. When the tracking error is large, a 
high r must be used to get the low gain required to satisfy the project rule. 
For this system a high r corresponds to a high gain ratio; as the error 
decreases a low r is possible and the LQR solution for this problem shows 
that the gain ratio would be decreased. 

A set of LQR problems can be presolved with an index to these levels of 
r. Initially the index is high selecting a high value of r and thus the system 
starts with a low gain. As the length of the position vector decreases, the 
projected value of Kx is checked and when it is smaller than 2 for a 
significant segment of trajectory, the level is decreased. The results are 
shown in Figures 5.56 to 5.58. The system states are shown in Figure 5.56. 
In this figure the inductor current is multiplied by a constant defined by 
Zo = ...J(LlC). The LQR control output, switching pulses and the control gain 
are shown in Figure 5.57. The control gain is computed by taking the inner 
product of the gain matrix K. The log-magnitude of this inner product is then 
plotted to show the changes in levels with time. The phase-plane trajectory is 
shown in Figure 5.58. It can be seen that this trajectory starts as a damping 
controller and ends as a sliding line with the slope increasing. 
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Figure 5.57. Response of the control system 

5.8 Conclusions 

Chapter 5 

In this chapter we have presented the structures of various power 
converter circuits and converter control techniques. Out of the large number 
of converter circuits available, the most suitable topology depends on 
various factors. The issues that need to be addressed are whether these 
converters will be required to operate at a very high switching speed. In that 
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event soft-switched converters can be used such that the switching losses are 
kept low. The other consideration is the power level. For high power 
applications, the converters discussed in Section 5.4 can be used. Since this 
book discusses distribution system applications for which neither high power 
nor switching frequency is of great concern, we shall consider mostly hard
switched converters in the remainder of the book. 
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Figure 5.58. Phase-plane trajectory 

The other topic that is of importance is the converter control. In this 
chapter we have presented some of the converter control techniques and their 
closed-loop stability aspects. We have mostly concentrated on hysteresis 
band control in which the converter switching actions are generated from the 
feedback control action through a hysteresis band around zero error. This is 
because we want the controller to force system to operate with a zero 
tracking error, i.e., x - xrel = O. The use of hysteresis control may result in 
high switching frequency and may be undesirable for some applications. 
Therefore the usability of some other form of zero tracking controller (e.g., 
sampled error, adaptive hysteresis etc.) can also be investigated. Since the 
basic aim of this book is to discuss the improvements in power quality of 
distribution system, we shall only use the hysteresis band control of (5.62) 
when we discuss practical power quality enhancing devices in Chapters 8 to 
10. However the tracking performance of other controllers, such as regular 
sampled deadbeat, can approach that of hysteresis controller. 
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Chapter 6 

Solid State Limiting, Breaking and Transferring 
Devices 

The benefits of a solid state transfer switch in a Custom Power Park have 
been outlined in Chapter 4. In addition to the transfer switch a combination 
of power semiconductor switches and passive elements is used to construct 
solid state current limiting, breaking and transferring devices. The devices 
that are discussed in this chapter are 

- Solid state current limiter 
- Solid state breaker 
- Solid state transfer switch 

By inserting a reactance in series with a faulted circuit a fault current 
limiting device limits the damaging fault current. To prevent the fault current 
from rising to a dangerous level, the reactance must be inserted as soon as 
the fault is detected. The solid state breaker must be able to disconnect any 
faulted circuit within less than one cycle of the fundamental supply 
frequency. In addition, the solid state breaker can also have a built in current 
limiting device. The load transfer switch is usually used for sensitive loads 
that are connected to two incoming feeders. At any given time the load is 
supplied by one of the two feeders. The transfer switch quickly transfers the 
load from one feeder to another in a make-before-break fashion in case of a 
severe voltage sag in the supplying feeder. 

For a sub-cycle make-before-break operation, a rapid detection of the 
occurrence of voltage sag/swell must be performed. An instantaneous 
detection is possible only in the case of three-phase sags (or swells). 
However algorithms that can perform sub-cycle detection of less severe sags 
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(e.g., sag in one phase only) are more appropriate for transfer switch 
applications. In this chapter we shall also discuss some detection algorithms. 

There are two important issues that must be considered before connecting 
a solid state current limiting or breaking device in a distribution network. 
The first and foremost issue is the identification of locations in the network 
in which such devices can be placed. The second issue to be considered is 
the coordination of the protective devices. Once a limiter or breaker is placed 
in a network, it must not adversely affect downstream protective devices. 
These issues are also discussed in this chapter. 

6.1 Solid State Current Limiter 

Distribution systems current limiting devices are classified into two 
categories - single-shot devices and multi operation devices [1]. A typical 
single-shot device is a current limiting fuse. In addition to limiting fault 
currents, these devices can also break a faulted circuit. However, such a 
device needs human intervention for replacement once the fault is cleared. 
Multi-operation devices can be vacuum, semiconductor or superconductor 
type [1]. The superconductor device operates through the quenching of the 
superconducting property at high magnetic fields. The superconducting 
cylinder shields the conductor coil from the magnetic core giving a low 
inductance. At high currents the field is sufficient to cause the material to 
leave the superconducting state and have the flux link the core creating a 
high reactance device. In this chapter we shall focus the discussion on the 
topology of the semiconductor type limiter. 

6.1.1 Current Limiter Topology 

The topology of a typical current limiter is shown in Figure 6.1. It 
contains an anti-parallel (back-to-back) gate turn-off thyristor (GTO) switch, 
a current limting inductor and a zinc oxide (ZnO) arrester, all connected in 
parallel [2,3]. The combination is connected in series with the distribution 
feeder that needs to be protected. The schematic diagram of the back-to-back 
GTO switch is shown in Figure 6.2. It includes a series of opposite poled 
GTO pairs, each of which has an RC snubber connected in parallel. The 
number of GTO switches depends on the rated peak voltage level across the 
current limiter. The ZnO arrester can limit this voltage level. 

It is to be noted that a GTO can be switched off at any time by applying a 
negative gate pulse. Therefore it has the capability to interrupt a current at 
any time. A thyristor, on the other hand, switches off only when the current 
through it changes polarity. The magnitude of the fault current will depend 
on the instant of the fault occurrence - the closer the fault to the zero 
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crossing of the current, the more will be the magnitude of the current. If an 
anti-parallel thyristor switch is in a current limiter, it will keep on conducting 
till the next zero crossing irrespective of the occurrence of the fault. Since 
this will defeat the purpose for which a current limiter is installed, thyristor 
switches are not considered favorably for current limiter application. 

ZnO Arrester 

Current Limiting 
Inductor 

r--------------
1 1 

----~.I~ .~:~ __ __ 
1 1 1- _____________ • 

Back-to-back GTO Switch 

Figure 6.1. A GTO based fault current limiter 

_.....L_ ..... ...I ____ "-...... ..-."--... 

Figure 6.2. Schematic diagram of anti-parallel GTO switch 

6.1.2 Current Limiter Operating Principle 

Under normal (unfaulted) operating conditions, the GTOs are gated for 
full conduction. This implies that the GTOs in the forward path are gated at 
the positive going zero-crossing of the current through them, while the 
GTOs in the reverse path are gated at the negative going zero-crossing. Once 
a fault occurs, the GTOs are turned off as soon as the fault is detected. A 
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GTO can respond within a few microseconds of the gate signal being 
applied. Furthermore, note that the prospective peak magnitude of the turn 
off current can be very high. Therefore, the GTOs help by blocking the fault 
current flowing through them before it can reach damaging level. As soon as 
the GTOs are turned off, the fault current is diverted to the snubber capacitor 
that limits the rate of rise in voltage across the GTOs. The voltage across the 
anti-parallel GTO switch rises until it reaches the clamping level established 
by the ZnO arrester [2]. Note that the same voltage also appears across the 
current limiting reactor and once the clamping level of the voltage is 
reached, the current across the reactor will rise linearly. This linear rise will 
continue till it becomes equal to the instantaneous level of current flowing in 
the line. Thereafter, the current will be limited by total effective series 
impedance, i.e., by a combination of the impedance of the limiting reactor 
and feeder impedance till the fault point. 

The current limiting device must resume normal operation once the fault 
is cleared. To restore normal operation, the line current is sensed and a turn 
on command is issued once the current drops to the normal level. The anti
parallel GTO switch is then turned on at the nearest zero crossing of the 
periodic voltage across the switch. Otherwise, the snubber capacitor will 
discharge a high magnitude current through the line. Let us now consider the 
following example. 

Example 6.1: Consider a simple radial distribution system that is 
supplying a series RL load. The line-to-neutral source voltage is 6.35 kV 
(rms) and the system frequency is 50 Hz. The feeder has a resistance of 
3.025 n and an inductance of 38.5 mH while the load resistance and 
inductance are given by 60.5 nand 770.3 mH respectively. This implies that 
for a base voltage of 11 kV (L-L) and a base MY A of 1.0, the feeder 
impedance is 0.025 + jO.I per unit and the load impedance is 0.5 + j2.0 per 
unit. The prefault current in the steady state is 24.25 A (rms), i.e., 0.462 per 
unit. 

Let us first consider the case in which the current limiter is not 
operational. If a fault occurs which short-circuits the load when the system is 
operating in the steady state, the fault current is only limited by the source 
and feeder impedance. The faulted load current is shown in Figure 6.3 in 
which the fault is applied at two different instants. It can be seen that 
depending on the instant of the fault, the fault current excursion may either 
be in the positive direction or in the negative direction. It can also be seen 
that the peak of the fault current is about 1200 A, i.e., more than 20 per unit. 
Now suppose an anti-parallel thyristor switch is used in the current limiting 
device rather than GTO switch. Then even if the thyristors are blocked once 
the fault is detected, the fault current will continue to flow till it reaches 
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zero. Therefore, during this period the fault current will shoot up to an 
excessively high value. This obviously is unacceptable. 

(a) Fault at 0.04 s 
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Figure 63. Feeder current before and after fault without current limiter 

Figure 64. Radial distribution protected by current limiter 

Let us now assume that the current limiter protects the feeder as shown in 
Figure 6.4. The current limiting inductance is chosen as 500 mHo We shall 
investigate the effect of the ZnO arrester on the fault current. Let us set the 
arrester voltage limit to 6.9 kV. The system response to the fault at the load 
bus is shown in Figure 6.5. It can be seen that the arrester voltage Vz is 
(nearly) zero before the fault. This voltage becomes equal to the terminal 
voltage VI after the fault. However, since this voltage is clipped at 6.9 kV, the 
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current through the limiting inductor cannot rise linearly. Therefore, the 
magnitude of this current (ic) is considerably smaller than the fault current. 
To compensate this, the magnitude of the current it through the arrester 
becomes considerably large. The fault current if is the sum of the currents ic 
and it. The arrester current is the dominant component of this current. 
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Figure 6.5. Current limited system response for an arrester voltage of 6.9 kV 

Let us now increase the arrester voltage level to II kV such that it can 
accommodate full voltage across the limiter device. The system response is 
shown in Figure 6.6. It can be seen that the current through the arrester has 
reduced considerably and the fault current is almost same as the current 
through the limiting inductor. It is to be noted that the arrester current can be 
further reduced by increasing the arrester voltage level. This may however 
prove to be counterproductive as the arrester may then transiently allow this 
higher voltage to be applied across the anti-parallel GTO switch, thereby 
damaging it. 

6.2 Solid State Breaker (SSB) 

The schematic diagram ofa solid state breaker is shown in Figure 6.7 [4]. 
This circuit is almost similar to the circuit of the current limiter of Figure 6.1 
except that an anti-parallel thyristor switch is added in series with the current 
limiting inductor. Given the present state of technology, an SSB cannot 
replace the standard circuit breaker. However, it can be applied to a large 
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number of applications In which it can be used to provide a rapid 
interruption of a fault current. 
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Figure 6.6. Current limited system response for an arrester voltage of 11 kV 

In the circuit of Figure 6.7, the GTOs are the normal current carrying 
elements. At the onset of a fault, it goes through a number of sub-cycle auto 
reclose operations. If the fault does not clear, then the GTOs are turned off 
and the thyristors are turned on such that the fault current now starts flowing 
through the current limiting inductor [4]. The current through the limiting 
inductor is eventually cut off by blocking the thyristors. The ZnO arrester is 
also used here to protect the power electronics from lightning and switching 
surges and also to build up current through the inductor. In this figure a 
conventional switch is also placed in series with the SSB. 

Let us consider the distribution system discussed in Example 6.1. The 
system response is shown in Figure 6.8. Note that the fault current clearance 
time is chosen arbitrarily in this figure to demonstrate the operating principle 
of the device. Also note that after the thyristor switch is blocked, the current 
ic becomes equal to zero. However, there is a small amount of feeder current 
still flows through the ZnO arrester and the snubber circuit. This current can 
be interrupted by opening the conventional switch. 

An alternate topology is proposed in [5] in which the anti-parallel GTO 
switch and the ZnO arrester are connected in parallel with a high-speed 
vacuum circuit breaker (VCB). This is shown in Figure 6.9. The current 
limiting inductor is missing in this topology. The current in the normal 
(unfaulted) state flows through the VCB. When a fault is detected, the GTOs 
are turned on and simultaneously an open signal is given to the VCB. The 
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VCB uses electromagnetic repulsion force to open the breaker at a high 
speed. The resulting arc produces a voltage that acts as a counter 
electromotive force. The fault current flowing through the VCB is reduced 
by this electromotive force and commutated to the GTO switch. When the 
fault current is completely com mutated to the GTO switch, it can be 
interrupted by turning the GTO switch off. The ZnO arrester suppresses the 
over voltage that may occur. Note that the current limiting function is 
missing in this topology. 

Figure 6.7. Schematic diagram of a solid state breaker 
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Figure 6.8. System response with a solid state breaker 



6. Solid State Limiting, Breaking and Transferring Devices 223 

~------

Figure 6. 9. An alternate SSB topology 

6.3 Issues in Limiting and Switching Operations 

Electromechanical switchgears circuit breakers are still the most common 
forms of protective devices used in power systems. Usually two types of 
switchgears are used in power distribution systems - automatic reclosers and 
circuit breakers. Automatic reclosers operate for lower current ratings and 
are placed closer to loads, on feeders or at substations [2]. Circuit breakers 
are used for higher current ratings and are placed at substations. Reclosers 
can clear all faults of temporary nature. The circuit breakers are used as 
backup protective devices for cases in which the reclosers fail to clear faults. 
For ground faults in circuits without neutral earthing reactors, large currents 
flow through the networks. The protective devices must switch off the 
smallest portion of the circuit without affecting the majority of loads. This 
objective is accomplished through primary and backup protection using 
inverse-time overcurrent relays [6]. This basic principle of coordination must 
be kept in mind while placing solid state limiters and breakers. 

To illustrate the idea let us consider the generic distribution system 
shown in Figure 6.10 in which the current limiting and breaking devices are 
labeled with numerals. This distribution system has two incoming 
transformers, each connected to one main bus. These two buses are 
connected by a bus-tie. As we have mentioned earlier, an SSB can interrupt a 
fault current much faster than an ordinary circuit breaker. Therefore even if 
the installation of an SSB in location 1 or 2 protects the downstream circuit 
from overcurrent, the coordination of the protective devices will be a major 
problem unless all the protective devices in the network are solid state. For 
example assume that 1 is an SSB while 4 is a conventional one. Then for a 
fault downstream from 4, breaker at 1 will operate before breaker at 4 
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thereby disconnecting both faulty and healthy feeder supplied by transformer 
(T\). This clearly is unacceptable. 

Figure 6. J O. A distribution system protected by solid state devices 

A potential installation point of an SSB is the bus-tie location 3. This will 
require no coordination with any other protection device. For example, for a 
fault in the transformer T\ side of the system, the SSB will open the bus tie 
thereby preventing transformer T2 from feeding the fault. This can be done 
irrespective of the action of the protective devices around the fault point. The 
other obvious potential application point of the SSB is location 7 that 
protects a load. A fault on the load side can be quickly isolated by the SSB 
without affecting any other part of the system. 

The best position for the placement of a current limiter is at the output of 
the main incoming transformers, i.e., locations 1 and 2. This will limit the 
current for a fault at any part of the network. Furthermore, such an 
arrangement will not cause any coordination problem either. The current tap 
settings of the downstream overcurrent relays can then be set at lower 
values. Current limiters can also be put on the feeder locations 4, 5 and 6. 
These devices will have a lower current rating than those placed at I and 2. 
However, since these devices are more expensive than the conventional 
circuit breakers/reclosers, such an arrangement obviously will incur a much 
higher cost and may not be justifiable once the cost-benefit ratios are 
calculated. 

A limiter at the bus tie location 3 can be most beneficial as it will have 
lower losses under normal operating conditions [2]. However since the 
current flowing through this position for a fault at any part of the circuit is 
maximum, the rating of the device at this location must be very high. From 
the above considerations a fault current limiter has the following 
requirements [2] 
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- It must limit the short circuit current such that it does not exceed the 
momentary or interrupting rating of any downstream protecting device. 

- It must maintain the fault current within a specified limit till a 
downstream device clears the fault. 

- The limiter must reset automatically after the fault is cleared. 
- It must allow sufficient fault current to flow such that downstream 

overcurrent protection devices can isolate the fault. 
- It must maintain normal performance throughout a normal sequence of 

operations of downstream protective devices. 
- It must be relatively free of maintenance. 

6.4 Solid State Transfer Switch (SSTS) 

A solid state transfer switch can protect a sensitive load from voltage sag 
or interruption by quickly transferring the load to a healthy feeder in case of 
a voltage sag or interruption in the preferred supply feeder [7,8]. The 
schematic diagram of an SSTS protected sensitive load is shown in Figure 
6.11. In this the SSTS includes a pair of anti-parallel thyristor switch and a 
pair of ZnO arresters. Usually the load is supplied by the preferred feeder 
and the load current flows through the switch SWI. When a deep voltage sag 
or interruption is detected in this feeder, the load is quickly transferred to the 
alternate feeder. This switching action is called make-before-break, i.e., 
before the switch Sw] is turned off, the switch SW2 is turned on. Once the 
load current starts flowing through the switch SW2 the switch Sw] is turned 
off. 

V' 
Preferred 

Feeder 
Alternate 
Feeder 

r-----------------~ 
I 

~ I ~ 

Sensitive 
Load 

Figure 6.11. Schematic diagram of a sensitive load protected by SSTS 

Figure 6.11 also shows the currents ip, and ia through the preferred and 
the alternate feeders respectively and the load current it. The currents ipp 
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(in positive direction) and ipn (in negative direction) through the switch Sw) 
and iap (in positive direction) and ian (in negative direction) through the 
switch SW2 are also indicated in this figure. We shall now observe the 
behavior of these currents during the transfer operation with the help of the 
following example. 

Example 6.2: Let us assume that the distribution system of Figure 6.11 is 
supplied by two 50 Hz, 6.35 kV (line-to-neutral, rms) sources. For simplicity 
we assume that both the sources are synchronized, i.e., the phase angle 
difference between the sources is zero. The resistance and inductance of both 
the preferred and alternate feeders are taken as 3.025 nand 38.5 mH 
respectively. The load resistance and inductance are given by 60.5 nand 
770.3 mH respectively. We shall investigate what happens when the circuit 
breaker connecting the preferred feeder to the load opens accidentally. 

Figure 6.12 depicts the transferring operation in which the load is 
transferred from the preferred feeder to the alternate feeder. It is assumed 
that the circuit breaker on the preferred feeder opens accidentally at 0.035 s. 
The transfer is initiated by closing the switch SW2 7 ms after the circuit 
breaker is opened. The switch Sw) is blocked 3 ms after the closing of the 
switch SW2. It can be seen that the current is smoothly switched from one 
feeder to another without any transient. Figure 6.13 depicts the currents 
through the switch during the transfer operation. Once the fault is detected 
and switch SW2 is enabled, the current iap starts conducting. However, the 
current ipn still conducts despite the switch Sw) being blocked. The current 
through switch Sw) completely becomes zero at the next zero crossing of the 
current ipn and thereafter the load is supplied only by the alternate feeder. It 
can be seen from Figure 6.12 that the load current for the make-before-break 
transfer is continuous. 

It is to be noted that the transferring time in the above example is chosen 
arbitrarily. The nature of the transfer however will depend on many factors. 
Some of these factors are: relative magnitude of the source voltages, phase 
angle difference between the preferred and alternate sources, feeder 
impedances, load impedance, fault detection time, whether the load is 
passive or active etc. The nature of the load current will depend on the 
combination of these parameters. The design of the transfer control must 
take into account all these factors for a satisfactory operation. 

Example 6.2 illustrates the make-before-break switching action. It is 
however not always desirable that the SSTS operates in this fashion. For 
example consider the circuit of Figure 6.14 which depicts the circuit 
behavior when a fault occurs in the preferred feeder. The make-before-break 
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operation of the SSTS will cause the fault current to be temporarily supplied 
by the alternate feeder before the switch Sw] is cut off. The path for this 
current is indicated by the dotted line in Figure 6.14. The correct switching 
pattern is given in the following example. 
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Figure 6.12. Make-before-break operation of SSTS 
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Figure 6.13. Switch currents during make-before-break operation 

Example 6.3: Consider the same system given in Example 6.2. Let us 
assume that a fault has occurred in the preferred feeder at 0.035 s. The 



228 Chapter 6 

transfer is initiated by closing the switch SW2 7 ms after the occurrence of the 
fault and the switch SWI is blocked 3 ms after the closing of the switch SW2. 

The fault is cleared by the opening of a circuit breaker in the primary feeder 
0.65 s after the fault initiation. The currents in the preferred and alternate 
feeders and the load currents are shown in Figure 6.15. It can be seen that a 
large current flows in both the preferred and alternate feeders due to 
incorrect transfer operation. The path for this fault is as shown by the dotted 
line in Figure 6.14 and are also shown in Figure 6.16 which depicts the 
currents ipn and iap. 
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Figure 6.14. Incorrect transfer for a fault in the preferred feeder 
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Figure 6. 15. Currents during incorrect transfer for a fault in the preferred feeder 
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Figure 6.16. Currents through switches during incorrect transfer 
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To eliminate the possibility of such large current flowing in the switches, 
the transfer in this case has to be break-before-make [7]. This implies that 
the switching of SW2 has to be delayed till the current ipn becomes zero. An 
alternate scheme in which the firing of SWI is inhibited during the 
concurrence of the fault and enabling the firing of that thyristor in SW2 that 
allows the current to flow in the opposite direction of the fault current is 
given in [7]. 

The behavior of the circuit in which the firing of the switch SW2 is 
delayed is shown in Figures 6.17 and 6.18. The currents through the primary 
and alternate feeders and the load current are shown in Figure 6.17. It can be 
seen that even though the current through the preferred feeder becomes very 
large during the fault, the peak of the current through the alternate feeder 
does not exceed 50 A since firing of SW2 is now delayed. This switch is fired 
roughly after 35 ms after the occurrence of the fault when the current ipn 

becomes zero. As a consequence the load current also becomes zero. The 
switch currents are shown in Figure 6.16. It can be seen that the delayed 
firing prevents the current ipn to build up. It is however to be noted that if the 
switch SW2 is turned on before this current becomes zero, large current again 
will start flowing in the direction indicated in Figure 6.14. 

Example 6.3 shows that make-before-break switching scheme can lead to 
large currents to flow through a transfer switch in case of a fault in the 
preferred feeder. In such a case the transfer operation is delayed till the load 
current freewheels to zero to ensure that no current flows through the 
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primary switch in case of a passive load. In case of a motor load, the motor 
will start feeding the fault and hence will go through periodic zero crossings. 
If the thyristors of the primary switch SWI are blocked as soon as the fault is 
detected the fault current will be zero in the next available zero crossing. The 
secondary switch SW2 can then be turned on causing a minimum delay. 
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Figure 6.17. Currents during delayed transfer for a fault in the preferred feeder 
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Figure 6.18. Currents through switches during correct transfer 
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An alternate topology of hybrid SSTS is given in [8]. The schematic 
diagram of this SSTS is given in Figure 6.19. In addition to the thyristors 
and the ZnO arresters this contains a pair of high-speed mechanical switches. 
During the normal operation the mechanical switch M1 is closed and M2 is 
open. Once a transfer is requested, M1 is turned off and simultaneously the 
thyristor pair TH1 is turned on. Consequently, the current is commutated to 
TH1 and it is blocked at the next zero crossing of the current. As soon as the 
current is completely blocked, the thyristor pair TH2 is turned on enabling 
the alternate feeder to supply the load. Once the current through TH2 
stabilizes, the mechanical switch M2 is closed to bypass the current. The 
thyristor pair TH2 is then blocked. 

r------------------
I M1 M2 : 

t----.---t l 
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Hybrid 

Sensitive 
Load 

SSTS 

Figure 6. J 9. A hybrid SSTS topology 

The main advantage of this hybrid switch system is that since the normal 
operation takes place through the mechanical switch, the power loss 
component is lower than the topology shown in Figure 6.11. Furthermore, 
since the thyristors are tuned on only during the transient and are not 
designed for continuous operation, the requirement on the cooling system 
will be less. However for this topology to be effective, two important factors 
must be considered. The main point is the operating time of the high-speed 
switch. The other point to ponder is the arc extinguishing mechanism once 
the contacts part. The fault current continues to flow through the mechanical 
switch till the arc is completely extinguished. Mitsubishi Electric 
Corporation has developed a magnetic repulsion based switch that can open 
and extinguish arc within 2 ms [8]. 

One of the primary objectives of a transfer switch is to protect a sensitive 
load from voltage sag/swell in the preferred feeder. The sags or swells must 
be detected quickly such that the transfer operation can be performed and in 
a sub-cycle time. This is discussed in the next section. 
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6.5 Sag/Swell Detection Algorithms 

Ideally it is desirable to detect any voltage sag/swell instantaneously. 
This however cannot always be achieved. The next best option is to detect 
this with as little delay as possible. We present three detection algorithms 
below and also discuss their merits and demerits. It is to be noted here that 
for a fault in the preferred feeder, the main idea is to delay the transfer 
action. This can be accomplished by monitoring the current through the 
switch Sw) once the overcurrent relay picks up a fault in the preferred feeder. 

6.5.1 Algorithm Based on Symmetrical Components 

Let us assume that the transfer switch has to protect a load that can 
tolerate a minimum voltage sag of up to 70% of the nominal value in either 
ofthe three phases. We can then use the algorithm to extract the symmetrical 
components from samples presented in Chapter 3. This is illustrated by the 
following example. 

Example 6.4: Let us assume that the voltage supplied by the preferred 
feeder at the load terminal is 1.0 per unit (peak) at a supply frequency of 50 
Hz. We have to detect a sag in phase-c of the supply voltage in which the 
peak voltage of this phase drops to 0.7 per unit. The instantaneous voltages 
for the three phases are shown in Figure 6.20 (a). 

The transferring algorithm here is based on the instantaneous 
symmetrical component extraction algorithm in which we have set a 
threshold level of 0.75 per unit (peak) for each phase. This implies that if the 
rms voltage of any phase drops below 0.75/--;2, the transferring operation is 
initiated. 

The rms value of the phase-c voltage and the threshold line are shown in 
Figure 6.20 (b). It can be seen that it requires almost 9 ms for this algorithm 
to detect the fault. This is expected as the settling time of the symmetrical 
component extraction algorithm is half a cycle, i.e., 10 ms for a 50 Hz 
supply system. The detection time in this case increases with lowering the 
value of the threshold. Even though the maximum detection time will be 
restricted to 10 ms in this case, the detection time cannot be made 
significantly faster irrespective of the type of sag as it is completely dictated 
by the settling time of the symmetrical component extraction algorithm 
using a 10 ms window for averaging. 
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Figure 6.20. Sag detection based on symmetrical component extraction 

6.5.2 Algorithm Based on Two-Axis Transformation 
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In this the instantaneous three phase voltages are transformed in a fixed 
two-axis coordinate system as [7] 

2 
J3 

(6.1 ) 

2 

The voltage vector obtained by the above transformation IS further 
transformed into a rotating dq-coordinate using the equation 

where () is the transformation angle calculated for an initial value of ~ as 

(6.3) 

The detection is achieved by comparing the voltage vector 
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(6.4) 

with a threshold value. Let us illustrate the idea with the help of the 
following example. 

Example 6.5: Let us consider the same voltage and load tolerance level 
as given in Example 6.4. The voltage vector Vdq for sag in one phase, two 
phases and all three phases is shown in Figure 6.21. The instantaneous value 
of the vector is compared with that of a threshold value and the switching 
signal is generated when the value of Vdq falls below the threshold. The 
threshold value in this case is chosen as the minimum value of the sag in 
which the voltage of one phase falls to 75% of the nominal value. It can be 
seen that while the sag in all three phases can be detected almost 
instantaneously, a sag in either one or two phases can be made after a time 
delay. This time delay is dependent on the point of the voltage cycle at 
which the sag occurs. In fact it has been shown in [7] that depending on the 
threshold value and the occurrence instant of the sag, some single-phase sag 
will not even be detected. 
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Figure 6.21. Sag detection based on two-axis transformation 

6.5.3 Algorithm Based on Instantaneous Symmetrical Components 

Let the voltages at the preferred terminal be given by Va, Vb and VC' Then 
the three instantaneous symmetrical component vectors can be obtained as 
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(6.5) 

It has been shown in Chapter 3, that the magnitude of the vector Val is 
constant and equal to ~3/2 when the three phase voltages are balanced with 
peak magnitude of 1.0 per unit. Thus the trajectory traced by the vector Val 

over a cycle is a circle. It has also been shown that the trajectory of this 
vector is an ellipse if the three phase voltages are not balanced. 

Let us now assume that the supply voltage has a sag only in phase-a such 
that these voltages are given by 

where K < 1.0. The vector Val is then given by 

The above equation can be simplified as 

(6.7) 

The path traced by the vector Val as m t changes from 0 to 2Jris an ellipse. 
We want to determine the maximum and minimum length of this vector. 
From (6.7) the magnitude of the vector Val is obtained as 

IV 1==-1 [(K + .!.)2 1 - cos 2m! + (~) 1 + cos 2m! l~ 
al.J3 2 2 4 2 

(6.8) 

We now take the derivative of (6.8) with respect to m! and equate it to zero 
to obtain the extremal points. This yields 

sin 2mt == 0 => m! == 0, :rr/2,:rr, 3:rr/2 (6.9) 

From (6.8) and (6.9) we see that the maximum length of the vector is 
obtained when m t = 0 or :rr and it is given by 
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13 
\Val\max =2 

Chapter 6 

(6.10) 

Similarly, the minimum value of the vector occurs when w t = 7d2 or 37d2 
and the minimum value is 

v =- K+-1 ( 1) 
\ allmin 13 2 (6.11 ) 

It can be seen that the maximum value obtained is the same as that of the 
length of the vector when all three phases are balanced with a peak of 1.0 per 
unit, while the minimum value changes linearly with the size of the voltage 
dip. In a similar way, it can be shown that for a magnitude sag only in the 
other two phases, the maximum and minimum values are the same as given 
in (6.lO) and (6.11). However the occurrences of the maxima and minima 
differ for sags in different phases. Table 6.1 lists the points through which 
the vector goes through the extremals for a sag in any of the three phases. 
Note that for a sag in which the voltage of anyone phase becomes 0.7 per 
unit, the maximum value as per (6.10) is 0.866, while the minimum value as 
per (6.11) is 0.6928. We shall use this concept for the transfer algorithm. 

Table 6.1. Point of occurrence of maxima and minima for sag in difference ehases 
Sag in Value of OJt Value of the vector Val Absolute Value of Val 

00 0- jO.866 Maximum 

Phase-a 900 0.6928 -jO Minimum 
1800 0+ jO.866 Maximum 
2700 - 0.6928 -10 Minimum 
300 0.3464 - jO.6 Minimum 

Phase-b 1200 0.75 + jO.433 Maximum 
2100 - 0.3464 + jO.6 Minimum 
3000 - 0.75 -10.433 Maximum 
600 0.75 - jO.433 Maximum 

Phase-c 1500 0.3464 + jO.6 Minimum 
2400 - 0.75 + jO.433 Maximum 
3300 - 0.3464 - JO.6 Minimum 

Example 6.6: Let us again consider a load that can tolerate a maximum 
voltage sag of 0.7 per unit. The threshold value is arbitrarily chosen to be 
0.7044. This is equal to the minimum value calculated as per (6.11) for a 
single-phase sag in which the phase voltage becomes 0.72 per unit. The 
complex plane plots of the periodic vector Val for different types of sag are 
shown in Figure 6.22. In these plots, the dotted line indicates the trace of a 
periodic vector with a magnitude of 0.7044. This implies that the threshold 
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value is represented by the dotted circle that indicates a balanced sag in 
which voltages of all the three phases have dropped to 0.8135 per unit. 

It is assumed that the peak of all three phases of the system voltage is 1.0 
per unit before the sag occurs. The pre-sag vector Va], as (J) t changes from 0 
to 2Jr is shown by the outer circle. This collapses into a smaller circle or an 
ellipse when the sag occurs. The transfer is initiated when the magnitude of 
the vector Val is less than 0.7044. A balanced sag in which the peak voltage 
of all the three phases becomes 0.7 per unit is shown in Figure 6.22 (a). It 
can be seen that this sag can be detected immediately. It is clear from Figure 
6.22 (b) that the detection time can be at most half a cycle depending on the 
instant of occurrence of a single-phase sag. Similarly the maximum detection 
time for a two-phase sag is about one-quarter of a cycle. 

The problem with this algorithm is however with unbalanced sags in 
which the voltage magnitudes of the phases are different. This algorithm 
tends to produce pessimistic results in such cases. Consider the complex 
plane plot of Figure 6.22 (d) in which the peak voltage of two phases has 
become 0.8 per unit while that of the third phase has dipped to 0.9 per unit. It 
is desirable that no transfer process should be initiated in this case. However 
as seen from Figure 6.22 (d) that the magnitude of the vector Val falls below 
the threshold value and this will cause a false transfer to be initiated for this 
sag. Similarly, this algorithm may also initiate false transfer for sags that are 
unbalanced in both magnitude and phase. 

(a) Balanced Sag 

-1 ---
-1 0 
(c) Sag in 2 Phases 
1,-----~ 

-1 
-1 o 

1[ 
0.5' 

(b) Sag in 1 Phase 

-1'-------
-1 0 
(d) Unbalanced Sag 
1,--------c 

0.5 

-1 
-1 o 

Figure 6.22. Periodic trajectory in complex for detection algorithm 
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In this section we have presented three different algorithms for the 
detection of voltage sag. Out of these three the first one is based on the 
symmetrical component extraction that has a settling time of half a cycle for 
alternating loads. This algorithm is very robust as it can tolerate and filter 
out voltage harmonics. Furthermore since averaging process is used in this 
algorithm, no false triggering is initiated for voltage spikes. However, the 
assumption with this method is that the frequency of the system is (almost) 
constant. This assumption might not be valid, especially when transients in 
other parts of the network cause the sag. The other two methods are similar 
with the maximum detection time being half a cycle. However being 
instantaneous in nature, none of these two methods can tolerate any spike in 
the voltage. Therefore further research is required for better sag detection 
strategies. Note that we have focused our attention on detection of voltage 
sags. However, all the algorithms mentioned above could be used for the 
detection of voltage swells as well. In that case, the transfer operation is 
initiated once the computed value exceeds an upper threshold level. 
Obviously this threshold level is higher than the normal operating voltage. 

We can define the total transfer time as the duration from the inception of 
voltage sag/swell or fault in the preferred feeder to the load being completely 
transferred to the alternate feeder. In addition to the detection time, the 
circuit parameters also influence the total transfer time. Some of the factors 
that affect the transfer time are [9] 

- The strategy of removing gating of the thyristors in the preferred feeder 
and triggering the thyristors in the alternate feeder. 

- Load type, i.e., whether the load is active or passive. 
- The magnitude and phase difference between supply voltages in the 

preferred and alternate feeders. 
- Fault or sag/swell characteristics that affect the voltage difference 

between the sources. 

The estimation of transfer time for RL loads is discussed in [9] for voltage 
sag and different types of faults. We must however remember that the 
accurate estimation of the transfer time is very difficult and we can at best 
get a rough estimate. 

6.6 Conclusions 

In this chapter we have discussed various power electronic based 
limiting, breaking and transferring devices. We have presented the topology 
and the operating principles of these devices. It is however to be kept in 
mind that the usage of the devices is still in its infancy. There is a 
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tremendous scope of building faster and more reliable devices. Also, there is 
scope for further research in the areas of placement, coordination and 
detection. We hope this chapter gives an overview based on which further 
research and development can be carried out. 
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Chapter 7 

Load Compensation using DST ATCOM 

In this chapter we shall discuss shunt compensation of distribution 
systems. The primary aims of a shunt compensator in a distribution system 
are to cancel or suppress 

- the effect of poor load power factor such that the current drawn from the 
source has a near unity power factor. 

- the effect of harmonic contents in loads such that current drawn from the 
source is nearly sinusoidal. 

- the dc offset in loads such that the current drawn from the source has no 
offset. 

- the effect of unbalanced loads such that the current drawn from the 
source is balanced. 

In addition, as we shall discuss in Chapter 8, shunt compensators are also 
used to regulate voltages at a distribution bus thereby eliminating unbalance, 
harmonics and flicker in the bus voltage. 

In Chapters 2 and 3 we have discussed the problems that are associated 
with a distribution system. It has been mentioned that some of the loads can 
cause significant problems for other loads in their vicinity. It is therefore 
desirable to compensate for such loads. However, there are economic 
considerations involved here. For example, whether a load should have a 
power factor correction depends on the amount of penalty that may be 
imposed on the customer for not compensating. On the other hand, the loads 
that cause fluctuations in the supply voltage may have to be compensated to 
achieve the required level of voltage regulation. The typical loads that cause 
voltage fluctuations are arc and induction furnaces, very large motors used in 
rolling mills etc. as they are continuously switched on or off. Again the loads 
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that use power electronic devices such as adjustable speed drives, UPS etc. 
cause harmonic pollution. With these types of loads, a shunt compensator 
may be required to reduce the effects of the harmonics on the rest of the 
system, especially if the size of these loads is very large. 

In this chapter we shall discuss how the four objectives mentioned before 
can be achieved using a shunt compensator. We shall assume that it is the 
responsibility of the customer to install and maintain these compensators. 
Some of the background materials required to follow the discussions are 
presented in Chapter 3. In this chapter we shall assume that the loads are 
supplied by stiff sources, i.e., there is no significant feeder impedance 
between the load and the source. This assumption will be relaxed in Chapter 
8 in which we shall discuss more realistic DST A TCOM structures. 

7.1 Compensating Single-Phase Loads 

The schematic diagram of a single-phase load compensator is shown in 
Figure 7.1. In this diagram a voltage source is supplying a load that could be 
nonlinear as well. The point of connection of the load and the source is the 
point of common coupling (PCC). Since there is no feeder joining the source 
and the load, we shall designate the source to be stiff. Here the compensator 
consists of an H-bridge inverter and an interface inductor (LI). The resistance 
R{ represents the resistance of the interface inductor due to its finite Q-factor 
as well as the losses in the inverter. One end of the compensator is connected 
at the PCC through the interface inductor while the other end is connected 
with the load ground. The dc side of the compensator is supplied by a dc 
capacitor Cdc. The inverter is expected to be controlled to maintain a voltage 
Vdc across this capacitor. 

Let us assume that the load is nonlinear and draws a current that has a 
poor power factor. The instantaneous load current then can be decomposed 
as 

(7.1) 

where iJp and i1q are respectively the real and reactive parts of the current 
required by the load and ilh is the harmonic current drawn by the load. The 
purpose of the compensator is to inject current if such that it cancels out the 
reactive and harmonic parts of the load current. 

Now applying KCL at the PCC we get 

(7.2) 
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Figure 7.1. Schematic diagram of a single-phase compensator 

We assume that the compensator operates in a hysteresis current control loop 
in which the compensator current tracks a reference current 1/. Let us now 
choose this reference current as 

(7.3) 

If the inverter accurately tracks this reference current, then the source current 
will be equal to the unity power factor current drawn by the load. Since the 
compensator does not draw or inject any real current, the average power 
consumed by the compensator is zero. Note that the above approach requires 
the on-line determination of the instantaneous reactive and harmonic 
components of the load current. There are however simpler approaches for 
the determination of the reference current. The following example illustrates 
one such approach. 

Example 7.1: Let us assume that a 240 V (rms), SO Hz source supplies a 
load that draws a current that has a fundamental and a harmonic part. The 
fundamental part of the load current has an rms value of IS A at a power 
factor of O.S (lagging) and the harmonic part contains Sth and i h harmonics. 
The instantaneous source voltage and the load current are given by 

Vs =Ii x 240sin(wt) 

i, = Ii x lS{ sin{wt - 60' )+ lsin S{wt - 60' )+ ~ sin 7{wt - 60' )} 

where w= 1 00 Jr. The load current is shown in Figure 7.2 (a). 
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Note that the source must supply only the real power required by the 
load. This can be accomplished by calculating the average power required by 
the load through a moving average filter that has an averaging window of 
half a cycle (10 ms). Let this average be denoted by play' Since the desired 
source current must be unity power factor, its expression is then given by 

i: =.J2 X Play sin{wt) 
240 

(7.4) 

Since the source voltage is assumed to be a pure sinewave, the desired 
source current can be obtained through template matching, i.e., by taking 
samples of the instantaneous source voltage and scaling it by the factor 
Pla.J2402• The reference compensator current is then given by the relation 
1/ = II - 1/. 

The system response is shown in Figure 7.2. In this study, the system 
parameters chosen are 

R t = 0, Lt = 20 mH, Vdc = 600 V 

It is assumed that the compensator is supplied by a constant voltage source 
and not a dc capacitor. Figure 7.2 (b) shows the scaled version of the source 
voltage and the source current. The source voltage is scaled by a factor of 10 
such that its magnitude is comparable to that of the source current. The 
compensator is switched on once the play is obtained after the first half cycle. 
It can be seen that the source current becomes sinusoidal and in phase with 
the source voltage after the first half cycle (10 ms). The current tracking 
error (1/ - 1.J) is shown in Figure 7.2 (c). This error jumps as soon as the 
compensator is connected but then settles immediately. The compensator 
power is shown in Figure 7.2 (d). Even though the power is oscillating, its 
mean is zero. This implies that the compensator supplies the reactive and 
harmonic power required by the load, but no real power. 

The above example assumes that the compensator is supplied by a dc 
source. This however is an invalid assumption and in practical cases the 
source is replaced by a dc capacitor. Also we have assumed that the system 
is loss less (i.e., Rj = 0). This is also an invalid assumption. Therefore an 
additional loop must be incorporated for the control of the dc capacitor 
voltage control. Note that the losses in the system must be replenished by the 
supply itself. Thus the de capacitor voltage can be held constant equal to a 
reference value if the current drawn from the source is higher than that given 
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by (7.4). The additional amount of current is supplied to the capacitor to 
maintain its voltage constant. To accomplish this the dc capacitor voltage is 
averaged over one cycle. It is then compared with the reference voltage. The 
error is then put through an additional proportional-plus-integral (PI) or 
proportional-plus-differential (PD) loop. The output of this controller is 
added to the magnitude of the current calculated in (7.4). 

(a) Load Current (A) (b) Source Voltage (V) and Current (A) 
40 40~----------~ 

.. - -

0.04 
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0.06 -400 0.02 0.04 0.06 
(c) Tracking Error (A) (d) Compensator Power 

20 5000 r------------, 

10 I 
o 0 

-10 
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-200 -------om-To4-()~06 -50000 
Time(s) 
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Figure 7.2. System response with single-phase compensator 

The implementation aspects and dc capacitor loop control of a single
phase DST A TeOM are discussed in [1,2]. However since the power system 
is three-phase, the single-phase compensator has little value. Suppose we 
take the simplistic view that if we put three single-phase compensators then 
we can compensate a three-phase system. Even though this will enable us to 
cancel the reactive and harmonic currents in each phase, we shall not be able 
to balance an unbalanced load. The load balancing requires redistribution of 
real power equally between the phases. This will not be possible by three 
separate single-phase compensators. We shall therefore not consider this 
structure any further and will only discuss three-phase compensators. 

7.2 Ideal Three-Phase Shunt Compensator Structure 

To illustrate the functioning of shunt compensator, consider the three
phase, four-wire (3p4w) distribution system shown in Figure 7.3. All the 
currents and voltages that are indicated in this figure are instantaneous 
quantities. Here a three-phase balanced supply (v<a, Vsb, VIC) is connected 
across a star (Y) connected load. The loads are such that the load currents 
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(ila, ilb, ilc) may not be balanced, may contain harmonics and de offset. In 
addition, the power factor of the load may be poor. One implication of load 
not being balanced in this system is that there may be zero-sequence current 
iNn flowing in the 4th wire, i.e., in the path n-N as shown in Figure 7.3 [3,4]. 

Vsa . 
Isa PCC 
~"'" I. . ... 

'. 
isb •••• • ••••••••• 
~ ". 

.... 
'. ". '. '. 

n 

Figure 7.3. Schematic diagram of a shunt compensator for 3p4w distribution system that is 

supplying a V-connected load 

The shunt compensator is represented by three ideal current sources ila , ilb 

and ilc' The point of common coupling (peC) is encircled in Figure 7.3. The 
current sources are connected in Y with their neutral n' being connected to 
the 4th wire. The purpose of the shunt compensator is to inject currents in 
such a way that the source currents Uw, i,b., isc) are harmonic free balanced 
sinusoids and their phase angle with respect to the source voltages (v'a> V,b, 

vsc) has a desired value. Let us illustrate the idea with the help of the 
following example. Note that in this chapter all the plots of load 
instantaneous real and reactive powers are shown in solid lines, the source 
powers are shown in dashed lines and the compensator powers are shown in 
dotted lines. 

Example 7.2: Let the three phase instantaneous source voltages be given 
in per unit by 

Vw =.J2 sin OJt, vsb =.J2 sin(OJt -120 0
) and vsc =.J2 sin(OJt + 1200 

) 

with OJ = 100 n: Three unbalanced RL loads are connected across the supply. 
They are given in per unit as 

Zia = 6.0 + )3.0, Z'b = 3.0 + )1.5 and Zic = 7.5 + )l.5 
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In addition, it is assumed that the load is drawing a 5th harmonic current of 
magnitude 0.05 per unit. The three load currents are then given in per unit by 

ila = 0.2108 sin{mt - 26.ST )+ 0.05 sin Smt 

ilb = 0.4216sin(mt -146.ST)+ O.OSsin S(mt-120.0) 

i'e = 0.1849 sin(mt + 108.69° )+ 0.05 sin S(mt + 120° ) 

The load currents are shown in Figure 7.4 (a). 
Let us now design a shunt compensator that does not supply any real 

power to the load. The entire amount of real power must then come from the 
supply. As per the discussion of the previous section, the real power supplied 
by the source is strictly utilized by the fundamental component of the load. 
The instantaneous power to the load is shown in Figure 7.4 (b). This power 
consists of a dc component and an oscillating component. The dc component 
with a mean value of 0.5282 per unit is the average real power supplied by 
the source. The average power in each phase will then be 0.1761 per unit. 

It has been mentioned before that the shunt compensator can also correct 
the supply side power factor. Let us choose the desired supply power factor 
to be unity. The three source currents for this power level and power factor, 
are then given in per unit by 

iw =.fi x 0.1761sin mt = 0.249sin mt 

ish = 0.249sin(mt -120°) 

i ,e = 0.249sin(mt+ 120°) 

Applying KCL at the PCC we can write the following expression for the 
compensator currents 

i lfJ = llfJ - l,p, fJ = a, b, c (7.5) 

The various instantaneous quantItIes of the compensated system are 
shown in Figure 7.4. From Figure 7.4 (a) it can be seen that the load currents 
are distorted due to the presence of the 5th harmonic component. The three 
instantaneous powers are shown in Figure 7.4 (b). It can be seen that the 
instantaneous power drawn from the source (ps) is constant even when the 
instantaneous power into the load (PI) is oscillating and distorted. It is 
obvious then that the average component of the power comes from the 
source while the oscillating component comes from the compensator (Pt). It 
can also be seen that the compensator power (Pt) has mean of zero. This 
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implies that the compensator does not supply any real power. The 
compensator currents are shown in Figure 7.4 (c). The source voltage and 
current of phase-a are shown in Figure 7.4 (d). In this figure the source 
voltage is scaled by a factor of 4 such that its magnitude is of the same order 
as the source current. Figure 7.4 (d) clearly demonstrates that the source 
voltage and current are in the same phase. This example clearly 
demonstrates that the shunt compensator balances the source currents, 
corrects their power factor to unity and eliminates harmonic from the source 
currents. 
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Figure 7.4. The system performance with the shunt compensator of Example 7.2 

The compensator structure of Figure 7.3 can be used in a three-phase 
system when the load is Y -connected. When used in a three-phase, four-wire 
distribution system, the compensator balances the supply current thereby 
eliminating the neutral current. When the same structure is used in a three
phase, three-wire distribution system that suppl ies a Y -connected load, the 
link between the supply neutral (N) and the load neutral (n) is not present. 
However, the connection n' - n is still important as this provides a path for 
the zero-sequence current to flow when the load is unbalanced. 

The compensator structure of a three-phase, three-wire (3p3w) system 
supplying a Ll-connected load is shown in Figure 7.5. Like in the case of a Y
connected load, the compensator, represented by three current sources, are 
connected in parallel with the load. The only difference being that in the 
previous case, the compensator branches were connected between line and 
neutral and in this case they are connected between two lines [5). 
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Figure 7.5. Schematic diagram ofa shunt compensator for 3p3w distribution system that is 
supplying a ~-connected load 

The first step in shunt compensation, as illustrated in Example 7.2, is to 
generate a set of compensator currents ita, itb and ifc : In actual practice the 
compensator is not made of three ideal current sources, but of a power 
electronic circuit that injects these currents in the distribution system. We 
shall therefore call these the reference currents of the compensator. 

In Example 7.2 we generated the reference current by characterizing the 
load completely and extracting the component to be compensated. This 
however, is not desirable and may not even be possible as the load may 
change frequently. It is therefore imperative that the compensator reference 
currents be generated based on measurements of real-time quantities like 
voltages, currents and power. Again, as the compensator currents are 
instantaneous quantities, it will be desirable to generate them on an instant 
by instant basis. Below we present various techniques that can be used for 
the generation of the three-phase reference currents of the compensator. 

7.3 Generating Reference Currents using Instantaneous 
PQ Theory 

Hirofumi Akagi and his coworkers have described an instantaneous 
method of generating reference currents for shunt compensator in [6-8]. 
Since then various interpretations of this method have been presented [9-12]. 
This method is applicable to a three-phase, four-wire system. To begin with, 
we transform the three-phase voltages from a-b-c frame to a-fJ-O frame and 
vice versa using the following power invariant transformation 
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(7.6) 

(7.7) 

We can also use the same transform matrix for transforming currents. 
The instantaneous three-phase power is then given by 

(7.8) 

where p is the total instantaneous real power in the three phase wires and 
Po = voio is the instantaneous power in the zero-sequence network. Let us 
define the following variable 

We now investigate the fundamental frequency equivalent of the variable q 
through the following example. 

Example 7.3: Let us consider the following balanced three-phase 
voltages and currents 

Va = Vm sinwt ia = 1m sin(wt - ¢) 
Vb =Vm sin(wt-1200), ib =Im sin(wt-1200 -¢) 
Vc = Vm sin(wt + 120°) ic = 1m sin(wt + 120° - ¢) 

We can then write 

Va - Vb = J3 Vm sin(wt + 30° ) 

Vh - Vc = J3 Vm sin(wt - 90°) 

Vc - Va = J3 Vm sin(wt + 1500 ) 
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Using the above relations we get 

ia (Vb - Vc) = -.J3 VnJm {cos OJt sin(OJt - ¢)} 

=- .J3 VnJm {sin(2OJt-¢)-sin¢} 
2 

ib(Vc - vJ= -.J3 Vm1m {cos(OJt -1200 )sin(OJt -1200 -¢)} 

= - .J3 VmI m {sin(2OJt - 2400 
- ¢)- sin ¢} 

2 

d V a - vh ) = -.J3 VnJm {cos(OJt + 1200 )sin(OJt + 1200 
- ¢)} 

= - .J3 VnJm {sin(2OJt + 240 0 
- ¢)- sin ¢} 

2 

Adding the above three terms together we get 

where Q is the reactive power required by the circuit. 

251 

We thus see that the quantity q given in (7.9) is the reactive power 
absorbed by a circuit when both voltages and currents contain only the 
fundamental frequency. However, this quantity can be used in a much 
broader context when either voltages or currents or both have many 
frequency components. Akagi et al called this term the instantaneous 
imaginary power [7]. We can write from (7.8) and (7.9) 

(7.10) 

This is equivalent to writing 

(7.11 ) 
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The following components of current can then be defined from the above 
equation 

a - axis instantaneous active current: 
. Va 
lap = 2 2 P 

Va+VjJ 

V 
a - axis instantaneous reactive current: iaq = - 2 jJ 2 q 

Va+VjJ 

J3 -axis instantaneous active current: 

J3 -axis instantaneous reactive current: i f3q = 2 va 2 q 
Va+VjJ 

Let the instantaneous powers in a-axis and J3-axis be denoted 
respectively by Pa and PjJ. We can then write from (7.10) and (7.11) 

We now define the following quantities 

a - axis instantaneous active power: Pap = vaiap 

a - axis instantaneous reactive power: P aq = va iaq 

J3 -axis instantaneous active power: P jJp = v jJ i jJp 

J3 -axis instantaneous reactive power: P jJq = v jJ i jJq 

Let us now expand these expressions 

Adding the above two expressions we get 

P = Pap + PjJp 

Similarly adding the reactive power components we get 

(7.12) 

(7.13 ) 
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Paq + Pf3q = 0 (7.14) 

We can then conclude the following 

- The sum of pap and Pf3p is equal to the instantaneous real power. 
Therefore they are referred to as instantaneous active powers. 

- The instantaneous powers Paq and PfJq cancel each other and do not 
contribute to the real power. They are thus called instantaneous reactive 
powers. 

The instantaneous three-phase power is then given by 

P3¢ = Pap + Pf3p + Po (7.15) 

Let us consider the following example. 

Example 7.4: Let the following balanced three-phase voltages 

be supplying a non-linear load. The load currents contain 3rd and 5th 

harmonics in addition to the fundamental. These currents are given by 

ia = L ~sin(ncvt - ¢J 
n=I,3,5 n 

ih = L ~sin{n(cvt-120o)-¢n} 
n=I,3,5 n 

ic= L ~sin{n(cvt+120o)-¢n} 
n=I,3,5 n 

Transforming the voltages and currents into a-fJ-O frame we get 

v = fI{v _.!..v _.!..v}= {Iv = {Iv sincvt 
a f3 a 2 h 2 c ~2 a ~2 m 
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It can be seen from the above expression that the 3rd harmonic current is 
present only in the zero-sequence. Furthermore, the zero-sequence power is 
given by po = VOiD = O. We can then get from (7.10) 

P = vaia + V jJijJ = % Vn,Im {COS¢I - *COS(6wt - ¢5)} 

q=vaijJ -vjJia =-%v,,,!,,,{sin¢1 -*sin(6mt-¢J} 

The above example clearly demonstrates that there are two components 
of real and reactive power present in a system when the load contains 
harmonics. We can then write 

P=Pav+Posc 
(7.16) 

q = qav + qo.l'c 

where the subscript av indicates the mean or de value and the subscript osc 
indicates the oscillating component. We have already observed the average 
(de) power and the oscillating power in Figure 7.4 of Example 7.2. The 
reactive power will also have two similar components. We shall now discuss 
the reference current generation scheme for the compensator using the 
above-mentioned theory. 

Refer to the compensator structure shown in Figure 7.3. Suppose we 
want to compensate only for the reactive power of the load such that the 
current drawn from the source is unity power factor. The compensator then 
must supply the entire reactive power requirement of the load. Let ita and itjJ 
be the a-fJ components of the compensator and Vw and v'fJ be the a-fJ 
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components of the source voltage Vs. Note from Figure 7.3 that the source 
voltage is applied both across the load and the compensator. Now since the 
compensator must supply the entire load reactive power and no real power, 
we can write from (7.11) 

[i/a]_ 1 [Vm 
i - 2 2 v 
ffJ v'a + vsfJ sfJ 

(7.17) 

where ql is the instantaneous imaginary power of the load. A reverse 
transformation using (7.7) will yield the compensator currents in a-b-c plane. 
In a similar way we can also compensate for both the imaginary power and 
the oscillating component of the real power. In that case we can modify 
(7.17) to get 

(7.18) 

where pIII.le is the oscillating component of the load power. 
Let us now consider the following example on the application of this 

instantaneous power analysis. Note that in this example and all the 
subsequent examples of this chapter it is assumed that the compensator is 
represented by three ideal current sources as shown in Figure 7.3 (or Figure 
7.5 for ~-connected loads). This implies that these current sources inject the 
exact reference currents obtained through the different algorithms. Practical 
compensator implementation will be discussed in Chapter 8 where, in 
particular, it will be shown how the reference currents can be tracked using 
voltage source inverters. 

Example 7.5: Let a Y -connected balanced RL load be connected to a 
balanced three-phase supply with an rms value of 1.0 per unit. The 
instantaneous source voltages and load are given in per unit by 

Via = Ji sin OJI 

V,b = Ji sin(OJI -120 0
) 

v,c = Ji sin(OJI + 120 0 
) 

Zia = Zib = Zic = 5.0 + j5.0 

with OJ = 1001l'. In addition to the RL load, the source also supplies a 
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nonlinear load that is drawing square wave current of peak 0.1 per unit. The 
load currents are shown in Figure 7.6 (a). Figure 7.6 (b-d) shows the system 
plots when only q, is compensated as per (7.17). It is obvious from Figure 
7.6 (b) that the source current is in phase with the source voltage indicating 
that the entire amount of reactive power is supplied by the compensator. In 
this figure the source voltage is scaled by a factor of three. The source 
currents are shown in Figure 7.6 (c). It can be seen that they are distorted and 
this is totally undesirable. The instantaneous powers are shown in Figure 7.6 
(d). It can be seen that the compensator power is zero while the load and 
source powers are equal. 

(a) Load Currents (pu) (b) Source Voltage & Current (pu) 
0.4 0.5,--=----·, 

0.01 0.02 -050 0.01 0.02 
(c) Source Currents (pu) 

0.4---·~--------

0.01 
Time(s) 

0.02 

(d) Instantaneous Powers (pu) 
0.6r·------

0.2 
PI o •............. --............. . 

o 0.01 
Time(s) 

0.02 

Figure 7.6. System response with balanced nonlinear load when only q is compensated 

We now use the compensation algorithm given in (7.18) instead. The 
system plots are shown in Figure 7.7. It can be seen that the source currents 
are all balanced sinusoids and are in phase with the source voltage. The 
compensator in this case however supplies a zero-mean oscillating power 
such that the source supplies the average (dc) power required by the load. 
The compensator currents, shown in Figure 7.7 (a), are balanced but 
distorted, as they have to cancel the distortion of the load currents. 

In the above example the average power consumed by the load is 
obtained by a moving average (MA) filter rather than to a low-pass 
Butterworth filter suggested by Akagi [8]. An MA filter continuously 
calculates the average over a certain number of past consecutive samples. To 
illustrate the idea, let us assume that the signal is uniformly sampled with a 
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sampling time of 100 JlS. This means that there are 100 samples in a half 
cycle if the fundamental frequency is 50 Hz. Then, at any given instant, the 
average of last 100 consecutive samples is taken to produce the power 
average. Since the fundamental power fluctuates at 100 Hz, the average of 
any consecutive 100 values corresponds to a full cycle of the fundamental 
power waveform. Thus the starting point need not be synchronized with the 
zero crossing of the waveform. This has the advantage that any change in the 
instantaneous power is reflected in the power average just after half a cycle. 

(a) Compensator Currents (pu) (b) Source Voltage & Current (pu) 
0.4 0.5...----=-----, 

0.01 0.02 
(c) Source Currents (pu) 

0.4...--------~ 

-0.40:------::---::-c---=-' 
0.01 0.02 

Time (s) 

0.01 0.02 
(d) Instantaneous Powers (pu) 

0.6~ -. .. ,....... . 
0.41 Ps ~I 

O:b~~jsj 
o 0.01 

Time(s) 
0.02 

Figure 7. 7. System response with balanced nonlinear load when both q and PI"" are 
compensated 

Example 7.6: Let us now investigate how this algorithm performs when 
the load is unbalanced. Let a Y ·connected unbalanced RL load be connected 
to a balanced three-phase supply with an rms voltage of 1.0 per unit. The 
source voltages are the same as given in Example 7.5 and the loads are given 
in per unit by 

Zia = 5.0 + )5.0, Zib = 5.0 + )1.0 and Zic = 3.0 + )2.0 

In addition three single-phase rectifier loads that are drawing a current of 
magnitude of 0.1 per unit are connected in parallel with the RL load. The 
load currents are shown in Figure 7.8 (a). 

We first use the compensation algorithm given in (7.18) in which both q 
and Plosc are compensated. The system plots are shown in Figure 7.8. It is 
evident from Figure 7 .8 (b) that the source current is not unity power factor. 
Furthermore, as can be seen from Figure 7.8 (c), the source currents are 
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neither harmonic-free, nor are they balanced. The reason for this unwanted 
behavior is the presence of zero-sequence current in the source. This is 
shown in Figure 7.8 (d) from which it can be seen that this current contains 
harmonics as well. 

(a) Load Currents (pu) (b) Source Voltage & Current (pu) 
0.6 0.5.---=-----, ...... "a 

·"1 
(c 

0.01 0.02 -050 
- . 
0.01 0.02 

(c) Source Currents (pu) (d) Zero-Sequence Current (pu) 
0.5 0.2.--------, 

-0.50:------::0--=.0-c-1---=-'0.02 -0.20L........---::0--=.0-:-1--0=--'.02 

Time (s) Time (s) 

Figure 7.8. System response with unbalanced nonlinear load when both q and Plo.,·c are 
compensated, but the zero-sequence is not compensated 

To correct this unwanted behavior, the compensation algorithm of (7.18) 
is used again with the added stipulation that the zero-sequence of the load 
current be taken into consideration while obtaining the compensator currents 
in the a-b-c frame. Refer to . Figure 7.3 in which it is shown that the 
compensator neutral (n') is connected to the load neutral (n). Thus in order to 
prevent the source from drawing neutral current, the load neutral current 
must flow through the compensator neutral. Thus, once the compensator 
currents are obtained in a-f3 plane using (7.18), we generate these currents in 
the a-b-c frame using (7.6) and (7.7) as 

(7.19) 

where the superscript '*' denotes the instantaneous reference values. 
The system response with the zero-sequence compensation is shown in 

Figure 7.9. It can be seen from Figure 7.9 (a) & (b) that the source currents 
are balanced with unity power factor. The three different powers are shown 
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in Figure 7.9 (c), while the instantaneous imaginary powers are shown in 
Figure 7.9 (d). It can be seen that imaginary power out of the source is zero, 
which implies that the compensator supplies the total load imaginary power. 

0.01 0.02 
(e) Instantaneous Powers (pu) (d) Imaginary Powers (pu) 

1 cc--~~-c-~~~ 

o '.\". ,.' 'P, 

0.01 
Time (s) 

0.02 -080- 0.01 
Time(s) 

0.02 

tltltl 

Figure 7. 9. System response with unbalanced nonlinear load when both q and Ph", are 
compensated along with the zero-sequence compensation 

It is important to note here that if the compensator neutral is not 
available, or in other words, we have a three-wire compensator, the source 
currents cannot be balanced if the distribution system is three-phase, four
wire and the load is Y -connected. On the other hand, if the distribution 
system contains only three wires, the zero-sequence current will not have a 
path to flow. This will ensure that the sum of the three source currents IS 

zero and hence the compensator will be able to balance these currents. 

7.4 Generating Reference Currents using Instantaneous 
Symmetrical Components 

We have discussed the theory of the instantaneous symmetrical 
components in Chapter 3. In this section we shall utilize this theory for 
generating instantaneous reference currents. The compensation scheme 
presented here can be applied to either a three-phase three-wire system or a 
three-phase four-wire system. The loads can be either connected in Y or in 
tl. We shall discuss the compensation of Y -connected loads first. 
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7.4.1 Compensating Star Connected Loads 

The objective in either three or four wire system compensation is to 
provide balanced supply current such that its zero sequence component is 
zero. We therefore have 

(7.20) 

In the method discussed in Section 7.3, there is no direct control over the 
power factor angle from the source and the algorithm forces the source 
current to be unity power factor. In the method under consideration, this 
angle can be set to have any desired value [4]. Let us assume that the source 
voltages are balanced and are given by 

Vsa = sin wt, vsb = sin(wl -120·), v,le = sin(wl + 120·) 

Then from (3.16) we get 

The angle of the vector is then given by 

(7.21) 

Substituting the values of the instantaneous voltages in (7.21) we get 

¢=tan . =wl--
_l{-COSW/} ;r 

Sll1wt 2 
(7.22) 

It can thus be seen from (7.22) that the angle of the vector V,lal will 
change linearly as 1 changes. We can then easily force another vector to 
follow (or lead) this vector by an arbitrary angle. If we now assume that the 
phase of the vector isal lags that of Vsal by an angle ¢, we get 

(7.23) 



7. Load Compensation using DSTATCOM 261 

Substituting the values of a and a2 (7.23) can be expanded as 

Equating the angles, we can write from the above equation 

(7.24) 

where 

U sing the formula 

( /3) tan a + tan /3 
tan a + = -------=--

I-tanatan/3 

(7.24) can be expanded as 

Solving the above equation we get 

(V\'b - v,e - 3/3 v<a )isa 

+ (v se - v.<a - 3/3 vsb )i'h + (v<o - V,b - 3/3 v.\.Ji\·c = 0 
(7.25) 

where 

/3 == tan¢/fj. (7.26) 
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It is interesting to note the implication of (7.25). When the power factor 
angle is assumed to be zero, (7.25) implies that the instantaneous reactive 
power supplied by the source is zero. On the other hand, when this angle is 
non-zero, the source supplies a reactive power that is equal to fJ times 
instantaneous power. 

As we have seen before that the instantaneous power in a balanced three
phase circuit is constant while for an unbalanced circuit it has a double 
frequency component in addition the dc value. In addition, the presence of 
harmonics adds to the oscillating component of the instantaneous power. The 
objective of the compensator is to supply the oscillating component such that 
the source supplies the average value of the load power. Therefore we obtain 

(7.27) 

where plav is the average power drawn by the load. Since the harmonic 
component in the load does not require any real power, the source only 
supplies the real power required by the load. 

Combining (7.20), (7.25) and (7.27) we get 

[
V,b - v l .c

1
_ 3 fJ vIa VIC - Vva - 3 fJ V lh 

Vva Vsh 

I j[ilaj [0 j 
Vva - VSh. - 3fJ VIC ~Sb = 0 

VIC Isc Pia" 

(7.28) 

Assuming that the current are tracked without error, the KCL at PCC can be 
written in terms of the reference currents as 

Substituting the above equation in (7.28) and solving we get 

.• . VIa + (V'h - V,e )fJ 
Ija=lla- 2 2 2 Pial' 

VIa + V,h + VIC 

.• . Vsh + (VIC - VIa )fJ 
Ijb = lib - 2 2 2 Plav 

Vva + V,h + VIC 

(7.29) 

.• . VIC + (VIa - V,b )fJ 
Ilc = lie - 2 2 2 P lav 

Vva + V,b + Vse 
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Example 7.7: To illusrate the working principle of the compensator, let 
us consider the load and the supply voltage given in Example 7.6. When 
source currents are required to be in phase with the source voltage, the 
results are identical to those given in Figure 7.9 as the requirements that 

the source supplies only the average power to the load, 
the compensator supplies the instantaneous reactive power and oscillating 
power to the load and 

- no zero-sequence current flows out of the source neutral 

are identical in both the algorithms. The system response when leading or 
lagging current required from the source is shown in Figure 7.10. We have 
considered two cases - Case-a when the desired source currents lead the 
source voltages by 30° and Case-b when the currents lag the source voltages 
by 30°. The results for Case-a are shown in Figure 7.10 (a & b) and that of 
Case-b are shown in Figure 7.10 (c & d). Note that since the load remains 
unchanged, the average power consumed by the load and the instantaneous 
load power remain unchanged. Therefore, the compensator power also is 
identical in both cases. However, to accommod~te the same amount of 
power flow, the amplitude ofthe source current will vary. In fact, the peak of 
the source current for unity power factor operation is 0.3311 per unit, while 
for the cases shown in Figure 7.10 it is 0.3823 per unit. This peak value is 
the same for both the cases as the power factor is the same. 

(a) Source Voltage & Current (pu) (b) Instantaneous Powers (pu) 
0.5 1, . 

-05 Case-a 
. 0 0.01 0.02 

°t·' '. 
-0 5 ca~:(l 

, 0 0.01 0.02 
(c) Source Voltage & Current (pu) (d) Instantaneous Powers (pu) 

o 

-0,5 Case-b ° 0,01 
Time(s) 

\ 
PI 

-05 Case-b 
0.02 . 0 0.01 

Time (s) 
0,02 

Figure 7.10, System response with unbalanced load when the power factor required is (a & b) 
30° leading and (c & d) 30° lagging 
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It can be shown by simplifying (7.29) that ifthe load is balanced and free 
of distortion and if ¢ is the same as that of the phase angle of the load 
current, the compensator currents become zero. This implies that the load 
currents are equal to the source currents and the compensator is not required 
to perform any task. Note that the sum of the source currents in a properly 
compensated system is zero as per (7.20). Therefore we get the following 
equation for exact tracking 

Iilk = Ii/k (7.30) 
k=a,b,c k=a,b,c 

The above equation has three possible implications. These are discussed 
below. 

1. In a three-phase, four-wire distribution system, the summation in either 
side of (7.30) will be non-zero when any unbalance is present in the load. 
In this case the zero sequence load current will flow between the 
compensator and the load in the path n - n' of Figure 7.3. 

2. In a three-phase, three-wire distribution system, the connection N - n is 
absent. In this case if the path n - n' is present, the zero sequence current 
will again circulate in this path for an unbalanced load. 

3. In a three-phase, three-wire (3p3w) distribution system, if the neutral 
path n - n' is also absent, then the terms on the both sides of the above 
equation will be zero, i.e., 

Iilk = Ii/k = 0 
k=a,b,c k=a,b,c 

Hence there will be no zero sequence current at any point of the network. 
However the voltages between N - n' and n - n' will now oscillate. The 
following example illustrates this. 

Example 7.8: Let us consider the same source and the same RL load as 
given in Example 7.6 except that a 3p3w distribution system is considered 
here. The nonlinear load is not considered here. It is assumed that the system 
is operating in the steady state. The compensator is connected after the first 
half cycle once the value of pia v is obtained through the moving average 
filter. Subsequently the load is changed to a balanced RL load at the end of 
the 3rd cycle. This balanced load is given by S + jS per unit per phase. The 
system response is shown in Figure 7.11. It can be seen that the source 
supplies a unity power factor current to the compensated load. Also the 
source currents are balanced all through. Once the load is changed to the 
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balanced load the power supplied by the source (p,) becomes equal to the 
power consumed by the load (PI). As a consequence the compensator power 
(P.J becomes zero, as the compensator now supplies purely reactive power 
required for the unity power factor operation. It is to be noted that the 
compensator currents are non zero as they supply the reactive component of 
the load current. The neutral voltage (VNn), shown in Figure 7.11 (d), 
oscillates when the load is unbalanced but becomes zero as soon as the load 
becomes balanced. 

(a) Source Voltage & Current (pu) (b) Source C.urrents (pu) 

05 I 0.4 . sa 

-0.5 
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1 0.1,---------, 

0·· .. 

0.05 
Time(s) 
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Figure 7.11. Compensator performance in a 3p3w distribution system 

It is to be noted that the algorithms presented in Sections 7.3 and 7.4 can 
eliminate any dc offset in the load since both of them force the sum of the 
sources current to be zero. This is possible only when the compensator 
neutral is available for connection and no transformer is present in the 
compensator realization. If the compensator is realized using transformers, 
then the neutral current cannot be compensated. Otherwise the presence of 
dc will saturate the transformers. 

7.4.2 Compensating Delta Connected Loads 

The basic scheme is shown in Figure 7.5. The aim of the scheme is to 
generate the three reference current waveforms for ijab, ilbe and ijea from the 
measurements of source voltages and load currents such that the supply sees 
a balanced load. The requirements for the compensating currents in this case 
are same as that of the previous case with Y -connected load. Therefore the 
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requirements (7.20), (7.23) and (7.27) are valid in this case also. As a result, 
(7.24) and (7.25) are also valid. 

Now we can write the following from Figure 7.5 

iw = ilab - i/ab - ilea + ilea } 

~Sb : ~/bC = ~/bC = ~/ab + ~./ab 
Ise - Ilea I/ea Ilhe + I (hc 

(7.3 1 ) 

For zero circulating current inside the delta, we can write from Figure 7.5 

ilab + ilbc + ilea - V/ab + i fbe + i (ca ) = 0 (7.32) 

Substituting (7.31) in (7.25) and solving we get. 

(ilab - i/al'xv\C + f3(v\U - V\b)} + (ilhc - i IhJV\U + f3(V,b - v,J} 
+ Vim - i leu XV'b + f3(v,c - v,a)} = 0 

(7.33) 

Finally substituting (7.31) in (7.27) and solving, we get 

(ilah - i fah X v,a - V,h ) + (ilhe - i Ibe )( v\b - VIC ) 

+ (ilea - ilea )( v,c - v,a ) = Plav 
(7.34) 

Combining (7.32)-(7.34) we get 

(7.3 5) 

From the above equation we get the reference currents as 
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i. - i _ v,ab - 3 fJvsc 
fab - lab fl Plav 

. _. Vsbc - 3fJv.w 
lfhe - llbe - fl Plav (7.36) 

. . Vlca - 3 fJvsb 
lfea = Ilea - fl Plav 

where 

fl = (V,a - Vsh Y + (V'b - VIC Y + (VIC - VI() Y 

Example 7.9: In this example an unbalanced RL fl-connected load is 
connected to the supply that is same as given in Example 7.8. The per unit 
values of the load impedances are 

Zab =S+j4, Zhe =3+j4 nand Zea =7+jl 

In addition, three single-phase full-wave uncontrolled rectifiers are 
connected, one across each phase and neutral. The rectifiers are drawing 
uneven square wave currents of amplitude 0.15 per unit, 0.1 per unit and 0.2 
per unit in phases ab, bc and ca respectively. The load currents are shown in 
Figure 7.12 (a). The compensator is connected to the system in such a way 
that the source currents lag the source voltage by an angle of 30°. The 
desired angle is changed over to unity power factor angle at the end of the 1st 

cycle. The three source voltages and currents are shown in Figure 7.12 (b-d). 
It is obvious from these figures that the source currents become unity power 
factor at the beginning of the 2nd cycle. The average real power drawn from 
the source however remains unchanged during this transition. The magnitude 
ofthe source current varies to accommodate the· change in the power factor. 

flflfl 

While correcting the power factor, it may not always be economical 
compensate for unity power factor. The two methods presented in this 
section leave the choice of power factor angle to the customer. In this regard 
this is more versatile than the method presented in the previous section. 
Another important aspect to be noted here is that even though methods 
presented in both the previous section and this require the instantaneous 
measurements of variables, to achieve perfect compensation they rely on the 
average value of power. The average power is obtained through a moving 
average filter based on half cycle averaging .. Hence, the compt<nsator can 
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compensate for any change in the load only half a cycle after its occurrence. 
Note that a compensator that uses half cycle averaging will not be able to 
compensate any sub-harmonic component in the load current. 

(a) Load Current (pu) 
0.8 

0.01 0.02 
(c) Phase-b Quantities (pu) 

o 0.02 
Time (s) 

0.04 

(b) Phase-a Quantities (pu) 

o 0.02 0.04 
(d) Phase-c Quantities (pu) 

o 0.02 
Time(s) 

Figure 7.12. Compensating i'l-connected load with a change in the desired power factor angle 
at the end of I st cycle 

7.S General Algorithm for Generating Reference 
Currents 

We have discussed the instantaneous real and reactive power in Section 
3.2.3. In this section we shall use them to generate the compensator 
reference currents. Using the definitions given in Section 3.2.3 it is possible 
to write the instantaneous vector of the filter reference currents in terms of 
its active and reactive components as 

.• .• . • PI V,. q j X V, 
1/ =Ifp +I/q =--+---

V, . . v,. V, . . v,. 
(7.37) 

where PI is the instantaneous scalar power drawn by the filter, v,, ql and i/ 
are vectors defined by 

qf = [:~: j, i; = l:~: j 
q It I It 
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Similarly the instantaneous power drawn from the source can also be written 
in terms source real and reactive powers as 

(7.38) 

where p, is the scalar power supplied by the source and the vector source 
reactive power is given by q, = [qm q,h q,e)i'. 

Expanding (7.37) and (7.38) using the definitions of p and q and noting 
that i; = il - i." we get the following general algorithm [13,14] 

(7.39) 

.* . .. 1 (p ) I =1 -I = - -Ie iL ,e lie "2 ,V'c + q.m V,b q"h V "a 
L.,; Vsk 

k=a,b,L 

The generation of the reference filter currents through (7.39) requires the 
measurements of the desired source powers. The algorithm given in [15] is 
based on (7.37) and it requires the desired filter powers. Considering filter 
current sources of Figure 7.3 to be ideal, the appropriate selection of source 
power terms, P" q.,a, q,h and q'L based on load powers yields different kinds 
of compensation schemes. The implementation of these schemes involves 
continuous measurement of system voltages and load currents and real time 
calculation of various active and reactive load power components. 

7.5.1 Various Compensation Schemes and Their Characteristics 
Based on the General Algorithm 

It has been discussed before that both real and reactive powers have an 
average component and an oscillating component. In the discussion given 
below we shall denote the average quantities by the subscript av and the 
oscillating quantities by the subscript osc. We can then write from (3.34) 
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[
qla 1 [qla al'1 [qla os," 1 

ql = qlav + qlosc = qlh = qlh _av + qlh _osc 

qlc qlc_al' qlc_osc 

(7.40) 

PI = Plav + Plosc (7.41) 

As defined in Section 3.2.3, the scalar instantaneous reactive power can 
be given by the algebraic sum as per (3.23) ql.lum = (qla + qlb + qlc)/'..J3. 
Therefore the scalar average and zero mean oscillating values of the 
instantaneous reactive powers over three phases are, 

(7.42) 

This implies that while qlav and ql()IC are vectors, ql.,u//'· and qlsumOI'C are scalers. 
Let the desired power factor angle between the source voltage and the source 
current be ¢. Then we define a factor ras 

r=~tan¢ av 
qlsum 

(7.43) 

The range of rusually varies between 0 and I. 
The different cases of load compensation possible by stipulating that the 

compensator supplies various portions of active and reactive powers are 
given in Table 7.1. This table gives the values of p" qw, q.lb and q,c chosen in 
(7.39) to obtain seven different types of compensation. 

7.5.2 Discussion of Results 

In the following examples, we discuss each case in details. For all the 
cases except Case-2 we consider the same source and load as given in 
Example 7.6. Note that in Figures 7.13 to 7.19 the notation q denotes the 
instantaneous scalar reactive power, which is actually q,um. 

Example 7.10 (Case-I): For this case, the compensator supplies the total 
reactive power (qlsum) and also the zero mean oscillating active power (PlosJ 
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of the load. The source supplies only the average load power (Plav)' The 
result is shown in Figure 7.13. It can be seen that the compensated source 
current is in phase with the source voltage. In fact the results are identical to 
those shown in Figure 7.9. It can also be shown that the relations given in 
(7.29) with the power factor angle ¢ taken as 0 are identical to those given in 
(7.39) for this case, i.e., when the source supplies the average real power and 
no reactive power. 

Table 7.1. The instantaneous real and reactive power to be supplied by the source for different 
types of compensation 

Case Active and reactive power drawn from the source 

2 

3 
4 
5 
6 
7 

p" q,Wl q,h q.1C 
plav 0 0 0 

plav reIl,,,m av /,J] yr/f;'lIm av/,J] reIl,,·"mav/.y3 

PI 0 0 0 

PI ql.,"mav/.y3 ql.,"mavh!3 ql.,"mav/,J] 

Plav ql.",m""c /.y3 qt.",m"'c /.y3 ql,"m,,·,c/.y3 

plav ql.",m/.y3 ql.,"n,l.y3 ql.<tm,l.y3 . 

PI ql.",m"·'·c /.y3 ql.",m"·"l.y3 ql,,"n,',sc/.y3 

(a) Source Voltage (V) & Current (pu) (b) Source Currents (pu) 
0.5 

0.01 

OA 

-0.2 

0.02 -OAO 0.01 

, , 

0.02 
(c) Instantaneous Powers (pu) (d) Reactive Powers (pu) 
1~------~ 

t· 
o 

0.01 
Time(s) 

qs 
o ------------------------•. 

Figure 7.13. System response for Case-) 

Example 7.11 (Case-2): This is the same as Case 1 except that the source 
now supplies a part of the total reactive power q'sum required by the load. The 
reactive power to be supplied by the source can be fixed by choosing the 
desired power factor angle ¢. For this we have assumed a balanced 
distortion-free load that has an impedance of 5 + j5 per unit. This implies 
that the power factor angle of the load is 45° (lagging). 



272 Chapter 7 

The system response is shown in Figure 7.14 for two different desired 
source power factor angles. First the desired angle is chosen as 30° 
(lagging). This is evident from Figure 7.14 (a) which depicts the phase-a 
source voltage and current. The instantaneous reactive powers are shown in 
Figure 7.14 (b). It can be seen that part of the reactive power requirement of 
the load is supplied by the source and the compensator supplies the rest. 
Figure 7.14 (c & d) shows the response when the desired power factor angle 
is 60° (lagging). For this case the source supplies more reactive power than 
required by the load. Therefore the compensator must absorb the rest of the 
reactive power. This is evident from Figure 7.14 (d) where the sign of qr is 
positive. It is to be noted that this mode is operation is exactly the same as 
discussed in Section 7.4. 

(a) Source Voltage (V) & Current (pu) (b) Reactive Powers (pu) 
0.5~--~--~ 

¢ = _ 30° [¢ = _ 30° q 
-0.1 r 

-0.2 -------------q~------------

-0.3f---..",---
qr 

o 0.01 0.02 0 0.01 0.02 
(c) Source Voltage (V) & Current (pu) (d) Reactive Powers (pu) 

0.5 ,~- 60" 0: I,~ :6;;" I 
ql 

-0.3~----'----

-------------~~- -----------
o 0.01 0.02 -060 0.01 

Time(s) 
0.02 

Time (s) 

Figure 7.14. System response for Case-2 

Example 7.12 (Case-3): In this mode the source supplies the total 
instantaneous power requirement of the load (PI) and .the compensator 
supplies the total reactive power required by the load (qlJum). Since the 
compensator fully compensates the load reactive power, the source current 
becomes unity power factor. However, since the source supplies both the 
average and oscillating real power, the distortion and unbalance in the load 
current is passed on to the source current. The result for this case is shown in 
Figure 7.15. The operation of the compensator in this mode is exactly the 
same as the algorithm proposed in [9, II]. 
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(a) Source Voltage (V) & Current (pu) (b) Source Currents (pu) 
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Figure 7.15. System response for Case-3 

Example 7.13 (Case-4): This is a combination of cases 2 and 4. In this 
mode the source supplies the entire real power and a part of the average 
reactive power. The compensator supplies the rest of the reactive power and 
no real power. These facts are evident from Figure 7.16, which depicts the 
result when the desired power factor angle is chosen to be 30° (lagging). It 
can be seen that even though the source currenfs are unbalanced and 
distorted, the phase angle difference between the source voltage and current 
is as stipulated. 

Example 7.14 (Case-5): The source, in this case, supplies the average 
real power and the oscillating reactive power required by the load. The 
compensator then supplies the oscillating real power and average reactive 
power required by the load. The result is shown in Figure 7.17. It can be 
seen that the source current is in phase with the source voltage. However 
they are neither balanced nor sinusoidal as the source is required to supply 
oscillating component of the reactive power. 

Example 7.15 (Case-6): In this case the source supplies the average real 
power and the total reactive power, while the compensator supplies the zero
mean oscillating real power and no reactive power. The system response is 
shown in Figure 7.18. It can be seen that the source current is not un ity 
power factor, as the source is required to supply the entire reactive power. In 
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fact the phase angle of the source current will be same as that of the load 
current in this case. 

(a) Source Voltage (V) & Current (pu) (b) Source Currents (pu) 
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Figure 7 16. System response for Case-4 

0.02 
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Figure 7.17 System response for Case-S 

Example 7.16 (Case-7): In this case the source supplies the total real 
power and oscillating component of the reactive power required by the load, 
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while the compensator supplies only the average reactive power. The system 
response for this case is shown in Figure 7.19. 

(a) Source Voltage (V) & Current (pu) (b) Source Currents (pu) 
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Figure 7.18. System response for Case-6 
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Figure 7.19. System response for Case-7 

0.02 

Thus we can make the compensator to take action on any of the various 
combination of the power terms. However the average load power plav must 
always come from the source. Similarly in an actual compensator, the losses 
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must also be supplied by the source. While we can make several other 
combinations, the most commonly used combinations (Cases 1, 2, 3) have 
been included above. The simulation for the Cases 2, 3, 4 and 6 in Table 7.1, 
using the pq theory, has been reported in (11]. For these cases, the simulated 
results given above using generalized instantaneous reactive power theory 
are found to be similar. 

The different compensation schemes given in Table 7.1 give rise to 
different characteristics. Based on above simulation results, the effects of 
compensation for each case are summarized in Table 7.2. In this table, UPF 
and UDF stand for unity power factor and unity displacement factor 
respectively. As given in (3.63), the displacement factor is related to the 
power factor angle between the fundamental waveforms of the distorted 
voltage and current signals. It is observed from simulation results that in 
several cases the source currents are unbalanced and have notches. The 
unbalance results when the source supplies zero-mean oscillating powers. 
The notches result from discontinuities in the oscillating components of real 
and reactive powers due to the ideal rectifier diode bridge. In addition to 
ones given in Table 7.1, alternate choices of real and reactive powers are 
reported in [16]. These are however not included here as they result in more 
distorted waveforms than shown in Figures 7.15 to 7.19. 

Table 7.2. Various compensation strategies and their characteristics 

Case The effects of compensation on the source currents 

7.6 

I UPF, sinusoidal balanced 
2 Non-UPF, sinusoidal balanced 

3 UDF, notches, unbalanced 

4 
5 

6 
7 

Non-UDF, notches, unbalanced 

UDF, notches, unbalanced 

Non-UDF, notches, unbalanced 

UDF, notches, unbalanced 

Generating Reference Currents when the Source is 
Unbalanced 

We have so far assumed that the sources are stiff and balanced. In 
practice, these assumptions may not true. In this section we investigate the 
implication of having unbalanced voltage sources. We shall however assume 
that the voltage sources are undistorted, i.e., at fundamental frequency. Let 
us begin our discussion with the following example. 

Example 7.17: Let us consider the same load as used in Example 7.6. 
The source voltages are unbalanced and are given in per unit by 
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Vm =.J2 sin OJt 

V,b = 0.8 x.J2 sin(OJt - 120° ) 

Vvc = 1.2 x .J2 sin (OJt + 120° ) 
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The source voltage and load currents are shown in Figure 7.20 (a) and 
Figure 7.20 (b) respectively. We use the same algorithm as given by (7.19). 
The system plots are shown in Figure 7.20. From Figure 7.20 (c) it can be 
seen that the source currents are both unbalanced and distorted. Furthermore, 
the real power drawn from the source is not a steady dc value. This can be 
seen from Figure 7.20 (d). The imaginary power drawn from the source 
however remains zero. Thus the compensator supplies the entire imaginary 
power requirement of the load. 

(a) Source Voltages (pu) 

21 '.--,v-S'}-'--(-VSi1 .... ·..· 
, ",,' , ., 

/ : '\, 
. ,/ " 

-1 ...... ,,:,.~ , 

(b) Load Currents (pu) 
0.7 ~------. 

-2 o 
·.4-vsc 

0.01 0.02 -070 0.01 0.02 
(c) Source Currents (pu) 

0.5,-----------·--, 

" ; -0.5 __ . __ .. _~ __ . __ J 
o 0.01 0.02 

Time (5) 

(d) Instantaneous Powers (pu) 

J\/W ! .' - , . .~ 

i' I 01, i 

-osL--_P_, - ____ .J 
o 0.01 0.02 

Time (5) 

Figure 7.20. System response with unbalanced nonlinear load and unbalanced source when 
both q and Pose are compensated along with the zero-sequence compensation 

In a similar way, the currents will be distorted when the reference 
currents are generated based on the algorithm given in Section 7.4. I. It is to 
be noted that the algorithm given in (7.29), which assumes a balanced source 
voltage, cannot be directly used here. These equations can however be easily 
modified to consider the general case. It can be shown that for unity power 
factor operation these equations are 
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(7.44 ) 

where 

vo =± LVlk and~=[f:v~kl-3V5 
k=a,b,c k-a,b,( 

Note that when the system is balanced, Vo will be zero and (7.44) will be 
identical to (7.29) for unity power factor operation. 

Using the modified algorithm of (7.44) it can be shown that the source 
currents and voltages are in phase. The source currents are however distorted 
and their magnitudes are not equal. Even though the algorithm can find a 
solution, the unequal phase currents added up to zero only with severe and 
unacceptable distortions. Therefore alternate formulations are imperative. 

In general, the compensating currents for this problem can be generated 
to achieve one of the following three objectives [14]: 

- Equal equivalent resistance in all three phases. 
- Equal source current magnitude in all three phases 
- Equal sharing of average power by all three phases 

The algorithms for generating compensator currents for each of the above 
cases are discussed below. 

7.6.1 Compensating to Equal Resistance 

The aim of this scheme is to inject the compensator currents in such a 
way that the supply sees a balanced resistive load. This means that the ratios 
of instantaneous source voltage and current in each phase are equal, i.e., 

(7.45) 
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This gives the following two equations 

(7.46) 

(7.4 7) 

Furthermore, the three-phase average power supplied by the source must 
be equal to the average power drawn by the load. Since the compensated 
load is resistive, from this consideration we get 

I~,o 1/1,0 1+ IV'b II I ,b 1+ IV,c II l,e I = PiaI' (7.48) 

where Vw and Iso are respectively the ph as or source voltage and current of 
phase-a. Now if we denote the peak of the phase-a voltage and current by 
V,am and 'lam respectively, we can then write 

Similar expressions can also be written for the other two phases. We then 
rewrite (7.48) as 

V2 v2 2 
sam . sbm· v.w:m. 

--Isa + --Ish + --l,·c = PiaI' 
2vm 2V,b 2v,e 

(7.49) 

Combining (7.46), (7.47) and (7.49) and rearranging, we get the 
following expressions for the reference compensator currents 

• . . . 2vm 
ita = 110 -I.m = 110 - ~ PiaI' 

I 

.• . . . 2V,b 
I fb = lib - Isb = lib _. ~ PiaI' 

I 

.• . . . 2v~ 
l/t = lie - l,e = lie - ~ PiaI' 

I 

where 

(7.50) 
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Assuming that the peaks of the source voltages remain constant, the 
instantaneous compensator reference currents can be computed from (7.50). 
From (7.45) and (7.48) we can write 

Solving the above equation we get 

(7.51 ) 

Example 7.18: Let us consider the same system as given in Example 
7.17. The source voltage and load currents are the same as shown in Figure 
7.20. We shall now use the compensator of(7.50). 

The system response is shown in Figure 7.21. It can be seen that the 
source currents are in phase with the source voltages. Furthermore, the 
magnitude of the source currents is a fixed proportion (Req) of the source 
voltages. The proportionality constant (Req) in this case has a value of 4.202. 
This compensation will however not result in balanced source current. As a 
consequence, the power drawn from the source contains both its ac and dc 
components and oscillates at 100 Hz. The compensator however supplies a 
zero mean oscillating power as evident from Figure 7.21 (d). 

7.6.2 Compensating to Equal Source Currents 

Let us consider the general case in which both the magnitudes and phase 
angles of the supply voltage are unbalanced. The supply voltage is given by 

Vw = Vwm sin w t 

V,h = V,hm sin(w t - 27r /3 + Bh) 

V,e = V"em sin(wt + 27r / 3 + Be) 

(7.52) 

In (7.52), the magnitudes Vwm, V"bm and V,em are unequal. The phase angles 
Bh and Be contribute to the phase unbalance. Let us define a set of fictitious 
set of vo Itages v'm' V "h and v '« as 
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(a) Phase-a Voltage & Current (b) Phase-b Voltage & Current 
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Figure 7.21. System response· when compensated to equai resistance 

V;·a = V;m sinmt 

v:b = V;m sin{m t - 21l' /3) 

v;c = V,'m sin{mt + 21l' /3) 
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(7.53) 

We shall use this balanced set of voltages in the compensator algorithm 
of (7.39). The use of balanced voltages in the algorithm produces balanced 
compensated source currents. For balanced compensated source currents, 
both sets of voltages given by (7.52) and (7.53) above, should yield equal 
average real power, PIGV' From this requirement, we obtain the magnitude 
V~'m as, 

(7.54) 

where 

a h = cos{¢ + Bb ) and a = cos(¢ + BJ 
cos¢ c cos¢ 

(7.55) 

¢ being the desired phase angle between the source voltage V.'(J and the 
desired compensated source current i\G' In the case of unbalance in 
magnitudes only Bb = Be = O. The factors ab and ac in (7.55) will then reduce 
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to unity and consequently V'.m becomes the average of the unequal 
magnitudes V.w, Vsb and V.I·C • 

Based on above considerations, The modified algorithm for filter 
reference currents is given from (7.39) as [17] 

(7.56) 

.* . 1 (, , , ) 
'./e = 'ie - ~ P.,· v"e + q ... o V,b - q ... b Vw 

2 

where 

~ V,2 V,2 V,2 
2 = so + sb + se 

Example 7.19: Let us consider the same system as discussed in Examples 
7.17 and 7.18. The power terms in (7.56) are obtained from Case I in Table 
7.1 and measured load powers by the same procedure as in the case of the 
balanced voltages as discussed before. The simulated results for unity power 
factor operation, i.e., r = 0 are shown in the Figure 7.22. It is seen from 
Figure 7.22 (b) that the compensated source currents obtained are balanced 
sinusoids. Moreover, since the source voltage does not have any phase 
unbalance, the source currents are unity power factor. Despite the source 
currents being balanced, the real and reactive power supplied by the source 
oscillates at 100 Hz, since the source voltages are unbalanced. 

7.6.3 Compensating to Equal Average Power 

In this case, the source voltages are assumed to be same as those given in 
(7.52) and the source currents are given by 

iw = Iwm sin OJt 

i.\b = I,bm sin(OJt - 2,,/3 + Bb ) 

i,e = I"em sin(OJt + 2,,/3 + Be) 

(7.57) 
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Figure 7.22. System response when compensated to equal current 

Combining (7.52) with (7.57), the phase-a power is given by 

P . = VmmI"am (1- cos2wt) 
.'a 2 

Similar expressions can also be derived for the other two phases. The first 
term in the above expression is the average component, and this must be 
equal for all three phases, i.e., 

V"cmI,cm 
2 2 2 

PiaI' (7.58) 
3 

The phase-a source current is then given by 

i,a = Isam sin OJt = 2 ~/av X : ;a 
sam 

Similar expressions can also be derived for the other two phases. Therefore 
the reference compensator currents are 



284 Chapter 7 

· . . . 2v\a 
Ita = Iia -lm = Iia - 3V 2 PiaI' 

sam 

· . . . 2Vsb 
lib = lib -I.I'b = lib - --2- PiaI' 
. 3V,bm 

(7.59) 

· . . . 2v\C 
lie = Ilc - Ise = lie - --2- PiaI' 

3V\Lm 

It is to be noted that only when Bb = Bc = 0, i.e., the source voltages have 
unbalance in magnitude only, the ac power from the source is zero. Let us 
consider the following example. 

Example 7.20: For the same system as discussed the results of the 
compensation (7.59) are shown in Figure 7.23. Even though the source 
currents are in phase with the source voltages, their magnitudes are not 
proportional with that of the source voltages. Furthermore, since the source 
voltages have magnitude unbalance only, the power drawn from the source 
however contains only its dc component. The compensator however supplies 
a zero mean oscillating power. 
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Figure 7.23. System response when compensated to equal power 

Other strategies that are similar to the equal current strategy have been 
reported in the literature. These are termed as sinusoidal current source 
strategy in [18] and equal current criteria in [19]. However in [18], to find 
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the fictitious balanced set of voltages for control algorithm, the complex 
a-fJ-O transformation and elaborate computations are used. In [19] the 
synchronous detection method is used but it is limited to the case of unity 
power factor and magnitude unbalance only. The algorithm given in Section 
7.6.2 using generalized theory is simple to use and considers unbalances in 
magnitudes and/or phase angles. The algorithm also provides the facility of 
setting the desired power factor angle, ¢. 

7.7 Conclusions 

In this chapter we have presented various methods of load compensation 
in a power distribution system. Numerical examples presented assume that 
the compensators are realized by ideal current sources. We shall discuss 
structures of practical compensators (DSTATCOMs) in the next chapter 
where the reference currents generated using use some of the above 
algorithms will then tracked using voltage source inverters. 

In our discussions in this chapter we have assumed that the sources are 
stiff, whether they are balanced or unbalanced. This, however, may not be a 
valid assumption. Since the source voltage may not be available for 
measurements, we may have to depend on the local measurements that are 
distorted due to the presence of the nonlinear load to begin with. We must 
therefore eliminate the effect of the load harmonics from the bus voltage 
before we can use this voltage for compensation. This issue and the other 
practical issues will be discussed in the next chapter. 
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Chapter 8 

Realization and Control of DSTATCOM 

In Chapter 7 we have restricted our discussion mainly on the generation 
of reference currents. We have assumed that the shunt compensator, which 
tracks the reference currents, is represented by three ideal current sources. In 
practice however these current sources are implemented using voltage source 
inverters. The inverter circuit along with interface transformers/inductors is 
called a distribution static compensator (DST A TCOM). In our discussions in 
Chapter 7 we have seen that a DST A TCOM may have to inject a set of three 
unbalanced currents that may also contain harmonics. Therefore, the VSI 
associated with a DST A TCOM must be able to inject currents in one phase 
independent of the other two phases. From this point of view the structure of 
a DSTATCOM attains significance. A DST A TCOM operating as a current 
source has been termed as DST A TeOM in current control mode in 
Chapter 4. 

Furthermore in Chapter 7 we have assumed that the load is connected to 
a stiff voltage source. Therefore the shunt compensator can measure the PCC 
voltages and use them in the reference current generation algorithms without 
any problem as these voltages are pure sinusoids. This however may not be 
possible in actual systems where the loads are connected at the end of the 
feeder. The pee voltage in this case will be unbalanced if the load is 
unbalanced. In addition, the PCC voltage will be distorted by both the 
harmonics generated by a nonlinearity in the load and by the switching 
frequency harmonics generated by the DST A TCOM. Furthermore there will 
be switching and resistive losses in the DST A TeOM circuit. These losses 
must be supplied by the source. We must therefore suitably modify the 
reference current generation algorithm to accommodate all these factors. 

Finally, to provide a path for the harmonic current generated by the VSI 
realizing the DST A TeOM to flow, we must place additional filters in the 
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circuit. The presence of the filer and feeder impedances will then increase 
the system order. As we have seen in Chapter 5 that a simple output 
feedback switching controller may result in an unstable closed-loop system 
when applied to higher order systems. We must" therefore choose the 
OST A TCOM controller structure carefully such that the closed-loop control 
convergence is guaranteed. 

The OST A TCOM is a shunt device. It should therefore be able to 
regulate the voltage of a bus to which it is connected. The operating 
principle of a OSTATCOM in this mode has been termed as the 
OSTATCOM in voltage control mode. We shall show in this chapter that 
even though the structure of DST A TCOM used in both current control and 
voltage control modes is the same, its operating principle is different. In the 
current control mode it is required to follow a set of refeFence currents while 
in the voltage control mode it is required to follow a set of reference 
voltages. We shall also discuss the reference voltage generation scheme and 
the control of OS TAT COM in the voltage control mode in this chapter. 

8.1 DSTATCOM Structure 

One form of OST ATCOM structure is shown in Figure 8.1. It contains 
three H-bridge VSIs that are connected to a common dc storage capacitor. In 
this figure each switch represents a power semiconductor device and an anti
parallel diode combination. Each VSI is connected to the network through a 
transformer. Six output terminals of the transformer are connected in star. 
These six terminals can also be connected in delta to compensate a ~
connected load. In that case, each transformer is connected in parallel with 
the corresponding load [1]. The purpose of including the transformers is to 
provide isolation between the inverter legs. This prevents the dc storage 
capacitor from being shorted through switches in diffe~ent inverters. The 
inductance LI in this figure represents the leakage "inductance of each 
transformer and additional external inductance, if any. The switching losses 
of an inverter and the copper loss of the connecting transformer are 
represented by a resistance RI ; The iron losses of the transformer are 
neglected. For star connected load, the neutral point of the three transformers 
is connected to the load neutral. The dotted line indicates the 4th wire and is 
connected to the system neutral N, if available. 

A three-phase full-bridge inverter is not suitable for a OST A TCOM 
application. A well known constraint of such inverters is that the sum of 
current through its three legs must be zero. It will not thus be possible to 
compensate for the zero-sequence current that might be flowing in the load, 
nor can it eliminate any dc current from flowing into the source from the 
load. This will result in distortion" in the source "currents. The topology 
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shown in Figure 8.1 allows three independent current Injections as this 
contains three separate H-bridge inverters. This however has the drawback 
that it will fail if the load draws any dc current. The dc current will saturate 
the transformers causing heating and increased losses thereby reducing the 
life of the transformers. We however retain the option of not compensating 
the dc component. 

Supply 
side -+-----e------( 

N ................ . 
n 

Figure 8.1. A typical compensator structure in which three separate VSls are supplied from a 
common dc storage capacitor 

An alternate topology that allows the injection of three independent 
currents including any dc current that the load may draw is proposed in [2]. 
This topology contains two dc storage capacitors as shown in Figure 8.2. In 
this circuit the junction (n') of the two capacitors is connected to the neutral 
of the load. This neutral clamped topology allows a path for the zero
sequence current and therefore the three injected currents can be 
independently controlled. Note that in this configuration there is no 
transformer and each leg of the VSI is connected to the point of common 
coupling through an interface reactor. The inductance Lrand the resistance Rj 

in Figure 8.2 represent this interface reactor. Another important component 
of the topology of Figure 8.2 is a chopper circuit that is represented by the 
switches Schl and Sch2, the inductance Lp and the resistance Rp. The purpose 
of this circuit is to balance the voltages in the two capacitors. 

Consider the circuit of Figure 8.3, which is a magnification of the 
chopper circuit of Figure 8.2. In this the anti-parallel diodes are also 
indicated for each chopper switch. Let us define the voltages across Cdc I and 
Cdc2 by V dcl and V dc2 respectively. Normally the switches Schl and Sch2 are 
kept open and the voltages Vdcl and Vdc2 are equal. Now suppose the voltage 
Vdcl drops and V dc2 rises. The switch Sch2 is then closed such that a current is 
built up in the inductor Lp. Once the current reaches a certain level, the 
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switch Sch2 is opened. The inductor current then discharges through the diode 
Dchl to bring up the voltage V dcl to the desired level. Similarly, the charge 
can be transferred from the capacitor Cdc I to the capacitor C dc2 by closing the 
switch SChl to build current in Lp and then charging C dc2 through the diode 
Dch2 by opening the switch Schl. The feedback control of this chopper circuit 
is essential for the success of the scheme. Various chopper control schemes 
are discussed in [2-5] where many simulation and experimental results are 
given. 

Supply 
side ----+--~.----C=M 

N····· .. · 

Figure B.2. A compensator structure in which a neutral-clamped three-phase VSI is used 

Dchl + 
Vdcl 

+ 
Vdc2 

Dch2 

Figure B.3. The chopper circuit of the neutral clamped DST A TeOM of Figure 8.2 

An alternate topology is shown in Figure 8.4 in which a VSI with four 
legs are used. This requires only one dc storage unit. Three of its legs are 
used for phase connection while the fourth leg is connected to the load 
neutral and the supply neutral, if available, through a reactance [6-8]. The 
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reference current for the fourth leg is the negative sum of three phase load 
currents. This nullifies the effect of dc component of load current. To 
maintain the adequate charge on dc-side capacitor a PI regulator is used to 
control the flow of real power from ac side towards dc side of the converter. 

When the compensator is working, zero sequence current is routed to 
path n-n' containing switching frequency harmonics. Using fourth leg of 
inverter, the negative of zero sequence current - io is tracked. Certainly it 
needs a higher bandwidth VSI to track negative of neutral current (- io) as io 
contains harmonics due to non-linear loads. This increases the switching 
losses. If this current is not tracked properly, it will leave high switching 
frequency current components in the N-n path, which is not desirable. The 
advantage of the topology shown in Figure 8.4 over the one shown in Figure 
8.2 is that it requires one less capacitor. However, the topology of Figure 8.2 
is superior as it intrinsically incorporates an LC filter for the neutral path. 

Supply 
side ----+---t----C=M 

Figure 8.4. A compensator structure which uses a four-leg VSI 

In the simplest form of current tracking, each leg of the VSIs of Figures 
8.1, 8.2 and 8.4 are operated in the hysteresis-band current control mode to 
track the reference currents generated. This method is simple and will 
produce desired results when the source is stiff, i.e., it is assumed that there 
is no impedance between the source and the point of common coupling. 
There can be various other tracking methods as explained in Chapter 5. We 
shall also use one such method later in the chapter when we discuss current 
tracking with non-stiff sources. 

8.2 Control of DST ATCOM Connected to a Stiff Source 

In the discussions to follow, we shall assume the topology of Figure 8.1 
unless stated otherwise. An important aspect that must be considered during 
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any practical implementation of DST A TCOM is the losses in the inverter 
and connecting transformer or interface reactor, modeled by Rj in Figure 8.1. 
The dc voltage stored (VdJ in the storage capacitor Cdc must be maintained 
in order for perfect current tracking. This however will not be possible 
unless the loss due to Rf' is somehow replenished by drawing additional 
power from the source. In order to accommodate this, the real power 
supplied by the source is not equal to the average load power as given by 
(7.27) but the total of average load power and power lost in the 
DST ATCOM circuit, i.e., 

(8.1 ) 

where Ploss is the loss due to Rf We can then modify (7.29) as 

t - i _ Vw + (v,,, - v'c) 13 ( ) 
/a - la 2 2 2 P lav + P lOIS 

Vw + V"" + V''C 

.• . V Ib + (V I'" - V,a )13 (p ) 1 -I _ ·c . 

Ib - Ib 2 2 2 lav + P IIISS 

Vw + V"" + V'c 

(8.2) 

i* - i _ V'c + (V,a - V "b )13 ( ) 
Ie - Ie 2 2 2 Plav + PIIII.I 

VW + V ,h + V ,·C 

We now have to generate Ploss through a suitable feedback control such that 
the dc voltage (Vdc) across the storage capacitor Cdc is maintained. 

The feedback should be able to correct the deviation of the average value 
of Vdc from a reference value Vre/. The average value can be obtained at the 
end of each cycle or even running average can be used as feedback signals. 
Alternatively, we can also use end of a cycle value of the dc capacitor 
voltage. Refer to Figure 8.1 in which ide is the current through the capacitor 
Cdc, This current charges or discharges the capacitor Cdc, Thus the average 
capacitor voltage is held constant when the average value of the dc capacitor 
current ide over a cycle is zero. Now we know that 

1 f' Vdc = -- Idc dt 
Cdc 

(8.3) 

Thus the deviation of Vde from the reference value Vrel at the end of each 
fundamental frequency cycle gives a good indication of the deviation of the 
average value of capacitor current ide from zero. From this consideration we 
can also correct for the deviation of the end of cycle value of Vde from Vref, 
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Let us define the following error 

- <yl e - vrel - vde (8.4) 

where Vd/yl is either the average value of the dc capacitor voltage or the 
value of the capacitor voltage at the end of'a cycle. In the simplest form, we 
can then use a proportional-plus-integral (PI) controller to correct for any 
discharge in the capacitor voltage. The controller is then given by 

Ploss = Kpe + K/ Jedt (8.5) 

The value of Ploss is then substituted in (S.2) to draw an additional amount of 
real power from the source to maintain the dc capacitor voltage. 

Example 8.1: Let us consider a three-phase, four-wire system in which a 
set of three balanced voltages is supplying a load. The peak of these voltages 
is "2 per unit. These voltage are supplying three unbalanced RL loads given 
in per unit as 

Ziu = 2.0 + jl.5, Z", = 2.55 + jl.25 and Z" = 1.0 + j2.3 

In addition to this, the load contains a three-phase rectifier that is drawing a 
peak current of 0.15 per unit. The load currents are shown in Figure S.5 (a). 
We assume a DSTATCOM topology of Figure 8.1. The interface circuit 
parameters in per unit are 

Rr = 0.625 and X I = mLI = 1.25 

The dc capacitor value and its reference voltage are given by 

X de = _1_ = 0.1 per unit and Vrel = 2.0 per unit 
mCdc . 

It is assumed that the turns ratio of the interface transformers is I: 1. The 
DSTATCOM is controlled by a PI controller of the form (S.5) with the 
following parameters 

Kp =2.0 and KI =10.0 
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In this loop Vd/yl is taken as the average value of the dc capacitor voltage 
over one cycle. Once the reference currents are generated, they are tracked in 
a hysteresis band current control scheme. The hysteresis band is chosen as 
0.0 I per unit. The switching frequency for this choice of hysteresis band is 
around 4.5 kHz. 

The simulation results are shown in Figure 8.5. It is assumed that the 
DST ATCOM dc capacitor is precharged to a dc voltage of 2.0 per unit and 
the DST A TCOM is connected to the system after the first half cycle once the 
first average value of the load power (Plav) is obtained. The desired power 
factor angle is chosen to be 0°. The PI controller output (Ploss) and the 
voltage across the dc capacitor are shown in Figure 8.5 (b) and (c) 
respectively. It can be seen that Ploss settles within about 0.12 s (6 cycles). 
This implies that the source currents reach their steady state values within 
about 6 cycles. It is to be noted that the tracking performance depends on 
forcing a current through the inductor L/. Therefore the tracking performance 
will be good, as long as the capacitor voltage is higher than the peak of the 
ac voltage at PCe. Since the excursion in the capacitor voltage is less than 
0.1 per unit from the reference value, the tracking performance will not be 
affected by the slow convergence of the capacitor voltage. The compensated 
source currents are shown in Figure 8.5 (d) along with the source voltage of 
phase-a for one cycle after the controller convergence. It can be seen that 
they are balanced and have unity power factor. 

(a) Load Currents (pu) (b) Control Signal (pu) 

::l-~-------l 

o 2 {I; PlosS I 
o 1! I 

00 0.2 0'4 

(c) Capacitor Voltage (pu) 
2.----------:-=-;"" 

-1 v LJ sa 
---------~-~ 

0.2 0.4 0.38 0.39 0.4 
Time(s) Time(s) 

Figure 8.5. System response with DST ATCOM when the load is connected to a stiff source 

To observe the transient response of the circuit, the system loads are 
suddenly changed. It is assumed that the system has been started from a fully 
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uncharged state and is operating for 0.4 s when the load change occurs. The 
system load and other parameters considered are the same as above and the 
system response for the first 0.4 s is the same as that shown in Figure 8.5. At 
the end of 0.4 s, the RL load is made balanced with the load impedance 
given by 

Zia = Zib = Zic = 2.5 + j2.25 per unit 

The nonlinear component of the load remains unchanged. 
The system response is shown in Figure 8.6. In this we have only shown 

the PI controller output and the dc capacitor voltage. It can be seen from 
Figure 8.6 (a) that the Ploss term again settles within about 6 cycles. Also note 
from Figure 8.6 (b) that the capacitor voltage takes about 0.2 s to come back 
to its steady state following the disturbance. Again the excursion of this 
voltage from its reference value during this transient is very small and hence 
it will have not much bearing on the tracking performance. 

(a) Control Signal (pu) 
0.3~-----------~--~ 

-, '- c -, 
0.2 0.4 0.6 0.8 

(b) Capacitor Voltage (pu) 
2.1~---------------

2 

0.2 0.4 0.6 0.8 
Time(s) 

Figure 8.6. Transient response with DST ATCOM when the load is connected to a stiff source 

In the above example the average power demand of the load reduces after 
it has been made balanced. Then following observations can be made from 
Figure 8.6. 

As the load changes at the end of 20 cycles, the average power demand 
of the load reduces. Therefore the excess power supplied by the source 
during the transient enters the DST A TeOM making the dc capacitor 
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voltage to rise. This rise in the capacitor voltage is arrested by the control 
action which brings the voltage to its nominal value. 

- The Ploss term settles to a lower value after the load change. Since the 
average power demand of the load reduces, the source current magnitude 
also reduces. This will lead to reductions in the magnitudes of the 
fundamental component of the currents injected by the DST ATCOM. 
Obviously, this will lead to a lower value of power loss in the 
DST A TCOM circuit. 

The above example clearly demonstrates one practical aspect of the shunt 
compensation. However, in our discussion we have assumed that the supply 
voltage is stiff, i.e., connected at the point of common coupling without any 
source impedance. In the discussion given below we develop it further to 
handle the case when the compensator is connected to a source that is not 
stiff. 

8.3 DSTATCOM Connected to Weak Supply point 

Consider the system shown in Figure 8.7. In this an unbalanced and 
nonlinear load is supplied by a balanced voltage source (v,) through a feeder. 
The feeder has a resistance R and inductance L. Let us denote the PCC 
voltage as the terminal voltage (ve). Then this voltage is applied across the 
load as well as across the DST ATCOM. The load is compensated by a 
DST A TCOM, the reference signal of which is generated using any of the 
methods given in Chapter 7. However, all these methods will suffer from the 
problem of harmonic contamination due the VSI of DST ATCOM. Let us 
illustrate this with the following example. 

Unbalanced 

DSTATCOM 

Figure 8. 7. Single-line diagram of shunt compensation of a load supplied through a feeder 
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Example 8.2: Consider the system of Figure 8.7. Assume that It IS 
supplied by a balanced voltage source with a peak of "./2 per unit. It supplies 
an unbalanced RL load given in per unit by 

Zia = 2.0+ jl.5, Zib = 2.55+ jl.25 and Zic =1.0+ j2.3 

The feeder impedance is given in per unit by 

R = 0.05 and X = OJ L = 0.3 

It is assumed that the VSls are loss less and supplied by a fixed dc voltage 
such as a battery. The DST ATCOM parameters are given in per unit by 

Vdc = 2.0, Rf = 0 and X I = OJ L f = 1.0 

Since the DST A TCOM is supplied by a fixed dc source, we do not require 
the capacitor voltage control loop discussed in Section 8.2. We then use the 
algorithm of (7.29), i.e., (8.2) with Ploss taken as zero. It is assumed that f3 is 
zero, i.e., the desired source power factor is unity. 

It is assumed that the shunt compensator takes the measurements of local 
quantities only. We connect the compensator at the end of first half cycle 
after the average power is available. The results are shown in Figure 8.8. The 
load currents are shown in Figure 8.8 (a). Figure 8.8 (b) depicts the source 
currents. It can be seen that the source currents become distorted as soon as 
the compensator is pressed into action. Figure 8.8 (c) depicts phase-a voltage 
at the point of common coupling or the terminal voltage (VI)' This voltage 
increases in magnitude as soon as the compensator is connected. As a result, 
the magnitude of the load currents increases. This is evident from Figure 8.8 
(a). The phase-a of the injected compensator current (if) is shown in Figure 
8.8 (d). The reason for the distortion in the source current is simple. The 
injected current contains high frequency harmonics. These harmonic 
currents, when injected into the feeder, corrupt the terminal voltage. Now 
since the terminal voltage is not sinusoidal, the reference current generation 
scheme based on this voltage will not function properly. As a result of this, 
the injected compensator currents will be erroneous thereby injecting more 
harmonics in the feeder. Furthermore, we have chosen a hysteresis band of 
0.01 per unit and this has resulted in a switching frequency of around 15 
kHz. Obviously this is very high for power switches and will result in 
excessive switching losses. 
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The above example clearly demonstrates that we cannot use the 
algorithm given in (7.29) without suitable modification due to the distortion 
of the terminal voltage. This distortion is caused by the VSI realizing the 
DST A TeOM. Since the terminal voltage is the locally measured variable, it 
should be used in the algorithm of (7.29). One way of alleviating this 
problem of a distorted reference is to use the fundamental positive sequence 
of the terminal voltage. This can be accomplished using the fundamental 
positive sequence extraction algorithm given in Section 3.3 .1. 

-1 

(a) Load Currents (pu) (b) Source Currents (pu) 

1 
o 0.02 0.04 
(c) Terminal Voltage (pu) (d) Compensator Current (pu) 

o 0.02 
Time(s) 

0.5.---------, 

o 

0.04 -0.50 0.02 
Time(s) 

0.04 

Figure B.B. Imperfect compensation of a system with a non-stiff source 

To achieve this we measure the three-phase terminal voltage Via, Vlb and 
VIC through voltage transducers. These are then used in (3.56) to obtain the 
phasor positive sequence of the fundamental component of the terminal 
voltage ~at; V/~1 and VI'!' Note that for this, the reference time is taken as the 
zero-crossing of the phase-a of the terminal voltage. This reference can be 
obtained through a phase-locked loop (PLL). Once these quantities are 
obtained we can use the instantaneous positive sequence fundamental 
component of the terminal voltage Vial; vlbl and Vul in the same way as 
explained in Example 3.7. We shall now use these voltage terms instead of 
the actual measured voltages in the algorithm given in (7.29). 

Example 8.3: Let us consider the same system as given in Example 8.2 
and use the fundamental extraction algorithm as discussed above. The 
compensator reference currents are then extracted based on this fundamental 
voltage. The results are shown in Figure 8.9. The source currents are shown 
in Figure 8.9 (a). It can be seen that they are balanced and relatively free of 



8. Realization and Control of DSTATCOM 299 

low frequency harmonics. The phase-a of the actual terminal voltage is 
shown in Figure 8.9 (b), while the extracted positive sequence voltages of all 
the phases are shown in Figure 8.9 (c). It is evident that even though the 
source currents are almost free of harmonics, the terminal voltage still 
contains a very large amount of harmonics. This of course will cause 
distortion in any other load that may be connected at the terminal bus. The 
phase-a of the compensator current is shown in Figure 8.9 (d). The hysteresis 
band in this case is also chosen as 0.0 I per unit. However the switching 
frequency in this case is below 5 kHz as opposed to around 15 kHz in the 
previous case. 

(a) Source Currents (pu) (b) Phase-a Terminal Voltage (pu) 
2 

o 0.02 0.04 0.02 ·0.04 
(c) Extracted Voltages (pu) (d) Phase-a Shunt Current (pu) 
2 0.5~-------. 

0 0 

-1 I 
-2 

0 0.02 0.04 
-05 1 

·0 0.02 0.04 
Time(s) Time(s) 

Figure 8. 9. Acceptable compensation but unacceptable terminal voltage with a non-stiff 
source 

8.3.1 DSTATCOM Structure for Weak Supply Point Connection 

Example 8.3 clearly demonstrates that through the extraction of the 
fundamental component of the terminal voltage we can eliminate any 
distortion in the source current. However, the switch-frequency component 
in the terminal voltage still remains. We thus must provide a path for the 
switching harmonic current to flow thorough a filter. To facilitate this, we 
modify the circuit of Figure 8.7 by placing a filter capacitor (Ct) in parallel 
with the DST A TeOM at the point of common coupling .. This is shown in 
Figure 8.10. With respect to this figure we qefine the injected shunt current 
as 
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fit ,..----4 
- iCf~ 

+ 

v,} rei 
-

Figure 8. J O. Single-line diagram of shunt compensation in the presence of a filter capacitor 

(8.6) 

This choice enables us to use the reference current generation relations used 
before since the KCL at PCC, i.e., i, = if + i, remains undisturbed. Further 
note that the terminal voltage in this case is the voltage across the capacitor 
Cr; i.e., VI = Vcf' 

The single phase equivalent circuit of the compensated system of Figure 
8.10 is shown in Figure 8.11 (a) while its Thevenin equivalent looking left of 
the points afJ is shown in Figure 8.11 (b). In this Z = R + j OJ L and Xc! = 
1/ OJ Cf~ The Thevenin equivalent circuit parameters are as follows 

- jXcl - jZ X cf 
V = . v and Z = ------''-

Ih Z _ . X S Ih Z - . X 
} d } d 

(8.7) 

Assuming the feeder to be lossless, i.e. R = 0, the Thevenin voltage and 
feeder impedance are .given as 

(8.8) 

It must be ensured that the feeder inductance L and the capacitor Cf do 
not resonate at the fundamental frequency of 50 or 60 Hz. Let a capacitor Cfn 

be of a value such that it would resonate with the feeder reactance at a 
frequency OJn . We can then write 
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(a) (b) 

Figure 8.11. (a) Single-phase equivalent of the circuit of Figure 8.10 and (b) its Thevenin 
equivalent 

1 
C ln =-2-

. OJn L 
(8.9) 

Let us assume that this value is equal to CIO when OJ" is equal to the 
fundamental frequency (OJ). The filter capacitor Ct should never be chosen 
near CfO. We then have to choose either CI « CIO or CI » CfO. However if CI 

is very large, the impedance between PCC and ground becomes very small 
resulting in excessive currents through filter capacitors. Therefore the choice 
of Ct » CfO is invalid. We must therefore restrict Ctto be much smaller than 
CfO. For example the feeder inductance (L) in Examples 8.2 and 8.3 is given 
by 9.55xlO-4. Therefore from (8.9) CfO is 0.0106. Again note that the load 
may be supplied through a feeder that has load buses upstream. In such a 
case, the feeder impedance may be the Thevenin equivalent looking at the 
distribution system from the PCe. Therefore we can make a guess about the 
feeder impedance value which may change anytime. From this consideration 
we must choose the value of Cf that is significantly less than 0.0106. Let us 
consider the following example. 

Example 8.4: Let us consider the same feeder and load parameters as 
given in Example 8.2. We however use different leakage impedance for the 
interface transformers of the DSTATCOM. We maintain the assumption that 
the DSTATCOM is loss less, i.e., Rt = 0, and the VSIs are supplied by a fixed 
dc source. The filter capacitor and transformer leakage inductance are given 
in per unit as 
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1 
Xci =--=7.02 and XI =01L/ =0.2 

oC fill 
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Once the fundamental positive sequence terminal voltages are obtained 
using the extraction algorithm, the reference compensator currents are 
generated using the algorithm given in (7.29). They are then tracked using a 
hysteresis band current control scheme with a band of 0.01 in which the 
compensator is turned on at 0.01 s after the average power and the 
fundamental positive component of the terminal voltage are obtained. Figure 
8.12 shows phase-a source current for this case. It can be seen that the source 
current diverges as soon as the compensator is pressed into action. As has 
been already explained in Chapter 5 (see Section 5.7) that a hysteresis 
controller can be viewed as a high gain proportional controller. Also the 
hysteresis band adds a small phase lag in the tracking operation. The 
combined effect of the proportional control with a phase lag is detrimental 
on the second order system of Figure 8.10 especially when the variable to be 
tracked (i.e., if) is not directly controlled by the inverter. It is thus imperative 
that this system needs a stabilizing controller. 

S 
.eo -c 

~ 
" u 

Phase-a Source Current 
5 ~------~-~ ~ ----~--------~ 

0 
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0.005 
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0.01 
Time(s) 

0.015 0.02 

Figure B.12. Effect of hysteresis tracking of the reference compensator current 

8.3.2 Switching Control of DSTATCOM 

The equivalent circuit of the compensated system is shown in Figure 
8.13. In this figure, the load is represented by an RL load. Note that the 
inverter control u can have values ± 1. However to derive a control law, we 
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assume for the time being that u is equal to a continuous signal uc . 

Comparing with Figure 8.10 we can summarize the current relations as 

i, = i] , it = i3 

icf = i] - i2 - i3 

i f =i3 -i] 

(8.10) 

Figure 8.13, Equivalent circuit of a DST ATCOM compensated distribution system 

With respect to this figure, let us define the following state vector 

The state-space equation of the circuit then can be written as 

- R/L 0 0 -1/ L I/L 0 

0 - RI / LI 0 -1/ L f 0 - Vdc / L f 
X= x+ v, + Uc 

0 0 -Rt/Lt -1/ Lt 0 0 

IjCI - IjC I - IjC I 0 0 0 

=Ax+B]v, +B2uc 

(8.11 ) 

The above state equation contains the feeder and load impedances. While 
the former is measurable, the latter may change at any time. Moreover, any 
feedback controller must rely only on the locally measured variables. From 
Figure 8.10 it can be seen that the local variables for the DST ATCOM are 
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terminal voltage, source current, filter current and the filter capacitor current. 
Based on the above observation and from (8.10), we make the following 
state transformation 

if -1 0 0 

i cf 1 -1 -1 0 
Z= x=Px (8.12) 

VI 0 0 0 1 

i, 0 0 0 

The state equation (8.11) then can be transformed into 

(8.13) 

Assuming we have full control over Un we can design a state feedback 
controller ofthe form 

(8.14 ) 

where K is the feedback gain matrix and Zref is the desired state vector. Once 
a suitable gain matrix is selected based on a control law, the switching 
control is obtained from 

u = -hys(uJ (8.15) 

where the hys function is defined by 

if w> lim then hys(w) = 1 

else if w < -lim then hys( w) = -1 
(8.16) 

The selection of lim determines the switching frequency while tracking the 
reference. In this control law the switching decision is based on a linear 
combination of multiple states. Hence we call this control a switching band 
tracking control. Let us demonstrate its working principle based on the 
following examples. 

Example 8.5: Let us consider the same system given in Example 8.4. In 
addition to the load given in Example 8.1, we also add a rectifier load that is 
drawing a peak current of 0.35 per unit. We now use the pole shift controller 
discussed in Section 5.7.6 of Chapter 5 to obtain the control signal Uc . To 
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implement this controller we first choose a suitable sampling time and then 
determine the discrete-time equivalent of the system of (8.13) using this 
sampling time. We then obtain the gain matrix K by radially shifting the 
open-loop poles by the pole shift factor ,1. 

Note that in a three-phase unbalanced system the system equation (8.11) 
is different for different phases. However to avoid finding three different 
gain matrices, we choose phase-a for the computation of the gain matrix. We 
now choose a pole shift factor (A) of 0.98. This gives the following feedback 
gain matrix 

K=[15.359 3.609 3.312 -55.355] 

Using this gain matrix all the eigenvalues of the closed-loop system are 
found to be within the circle Izl = 0.9797. Now the load can change any time. 
Therefore the values of the load parameters used in (8.11) is just a guess. 
Also note that we have added a nonlinear load with the RL load. Therefore 
to avoid the complexity of forming a reference for the load current, the gain 
matrix is restricted to 

K=[15.359 3.609 3.312 0] 

This reduction in state feedback results in a minimal shift in the closed-loop 
eigenvalues as all the closed-loop eigenvalues are inside the circle 
Izl = 0.9951. Thus stability is not at all endangered by the reduced feedback, 
but the computation is reduced considerably. Once Uc is obtained using the 
pole shift design, the switching logic u is obtained from (8.15) and (8.16). 
The value of lim chosen is 0.45. 

The response is shown in Figure 8.14. From this it can be seen that both 
load currents and the terminal voltages become balanced and free of 
harmonics once the compensator action settles. Figure 8.14 (d) shows the 
three instantaneous powers. It can be seen that the power drawn by the load 
changes dramatically with the introduction of the compensator as it balances 
the terminal voltage as well. As expected, the source power becomes 
constant and the compensator power becomes zero-mean. The switching 
frequency with this value of pole shift factor is found to be 3.75 kHz. 

Note that the system is very sensitive to value of the pole shift factor 
chosen. In fact it was observed that the closed-loop system becomes unstable 
when this value is chosen to be 0.97. On the other hand the switching 
frequency of the inverter reduces to 2.1 kHz when a pole shift factor 0.99 is 
chosen. However as a result of this, the tracking becomes inferior. The 
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terminal voltages and instantaneous powers are shown in Figure 8.15. A high 
frequency ripple visible in the voltage and power waveforms. 

(a) Load Currents (pu) 

1 

0.5 

(b) Source Currents (pu) 

o 
(c) Terminal Voltages (pu) (d) Instantaneous powers (pu) 

2 

-2 
o 0.02 

Time (s) 
0.04 

-10'-------c-O~02-

Time (s) 
0.04 

Figure 8. J 4. System response with a pole shift controller with A = 0.98 

-2 
o 

-1 o 

(a) Terminal Voltages (pu) 

0.01 0.02 0.03 
(b) Instantaneous powers (pu) 

0.01 0.02 0.03 
Time (s) 

0.04 

0.04 

Figure 8. J 5. System response with a pole shift controller with A = 0.99 

The above example shows that we are quite restricted in our application 
of the pole shift controller. It is thus imperative that we must design a more 
robust controller. Below we present a LQR design example. It is to be noted 
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that these tracking controllers will converge provided that the three 
conditions given in Section 5.7.3 are satisfied. 

Example 8.6: Let us consider the same system as given in Example 8.5. 
We now design an LQR to obtain Uc with the following parameters 

20 

Q= 
5 

, r = 0.1 

o 

The choice enables us to put maximum weighting (20) on the shunt injected 
current if' The capacitor voltage has been given a weighting of 5 and the 
current through the filter capacitor has been given the weighting of 1. The 
load current has not been weighted at all. With these parameters the 
feedback gain matrix is found to be 

K=[13.659 6.252 10.356 -2.732] 

The eigenvalues of the system for this gain matrix are to the left of the 
line Re(s) = - 356 on the s-plane. If we now discard the load current for a 
reduced feedback, the eigenvalues are found to be on the left of the line 
Re(s) = - 344. Therefore the stability of the system is guaranteed with this 
reduced feedback. The system results are shown in Figure 8.16 in which 
only the source currents and the terminal voltages are shown. It can be seen 
that they become balanced sinusoids after the compensator is pressed into 
action at 0.01 s. The switching frequency is found to be around 5.8 kHz. 

~~~ 

It is to be noted that in last two examples, the state feedback needs the 
reference waveforms of the compensator current, the terminal voltage and 
the current through the filter capacitor (iLl)' Of these, the first one is 
generated using the algorithm of (7.29) and the reference terminal voltage is 
taken to be the fundamental positive sequence of the terminal voltage. The 
rational behind this choice lies in the fact that if the source currents are 
balanced then voltage at the PCC terminal will also be balanced provided the 
source is balanced [9]. Once the terminal voltage reference is obtained, the 
reference for the current through the filter capacitor is easily obtained by 
taking the derivative of the terminal voltage reference. The issues involved 
in the tracking reference convergence are discussed in Section 5.7.4. 
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(a) Source Currents (pu) 

o 0.01 0.02 0.03 0.04 
(b) Terminal Voltages (pu) 

-2~ _____________________________ ~ 
o 0.01 0.02 0.03 0.04 

Time(s) 

Figure 8. J 6. System response with linear quadratic controller (LQR) 

8.3.3 DC Capacitor Control 

Let us illustrates the performance of the DST A TCOM and filter capacitor 
combination when the DSTATCOM is supplied through a dc capacitor 
rather than a dc source using the following example. 

Example 8.7: Consider the same system as given in Example 8.6. The 
DST ATCOM is not assumed to be lossless in this case. We thus have added 
the following per unit quantities with the configuration of Example 8.6 
where the capacitor value is quoted at the system frequency of 50 Hz to 
maintain the per unit system 

1 
R j =0.1 and X dc =--=0.106 

. ())C de 

The dc capacitor is controlled using (8.4) and (8.5) and the reference 
currents are generated using (8.2). The PI controller parameters chosen are 

The system is started from rest, i.e., the compensator is connected at the 
end of first half cycle after the average load power is obtained. The reference 
quantities are tracked using the LQR state feedback controller with the same 
design parameters as given in Example 8.6. The capacitor is assumed to be 
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precharged to 2.0 per unit and this value is also chosen as the set point for 
this voltage. The dc voltage controller is started from a zero initial condition. 
The results are shown in Figure 8.17 in which the control signal and the 
capacitor voltage are plotted. It can be seen that after the initial transient, the 
capacitor voltage returns to its desired value. It settles in less than 0.2 s. 

(a) Co ntrol Sign al (pu) 

PlosS 

o ., 
0.1 0.2 0.3 0.4 0.5 0.6 

(b) DC Capacitor Voltage (pu) 
2.1 ,--~--~- ---~-----, 

2.05 

1.95 

190 0.1 0.2 0.3 0.4 0.5 0.6 
Time (5) 

Figure 8.17. Response of the control signal and dc capacitor voltage when the control system 
is started from zero initial condition 

To investigate the effect of load change on the compensator system, the 
RL component of the load is suddenly changed to (all in per unit) 

Zia :::: 1.2 + j2.5, Zlh :::: 2.0 + j3.25 and Zit:::: 10.0 + j2.0 

when the system is operating in the steady state. The harmonic currents 
drawn by the load however remains unchanged. The system response is 
shown in Figure 8.18. In Figure 8.18 (a) the instantaneous powers are 
shown. Even if the load power settles within a couple of cycles, the source 
power, and, as a consequence, the compensator power, take longer to settle. 
The capacitor voltage settles within 0.15 s. This is shown in Figure 8.18 (b). 
It is to be noted that during this transient the capacitor voltage does not 
deviate much from its nominal value. Therefore the tracking remains perfect 
apart from the half cycle delay in formulation of correct references. 
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Figure 8. J 8. Changes in instantaneous powers and capacitor voltage with load change 

8.4 DST ATCOM Current Control through Phasors 

So far in our discussions we have assumed that the source is balanced. 
This however may not be always true. Consider, for example, the 
distribution system shown in Figure 8.19. In this a stiff source supplies four 
buses. Of the four buses, only the stiff source supplies Bus-I and all the 
other buses supplied by the feeder. Assume that we have to install a shunt 
compensator in Bus-4. Then the total distribution system including the loads 
can be represented by a Thevenin voltage and impedance looking left at 
Bus-4. Therefore even if the voltage source v, is balanced, the Thevenin 
equivalent voltage source may not be balanced if any of the loads is 
unbalanced. Similarly this voltage source can be distorted if any of the loads 
is distorted. We must therefore resort to operating the DSTATCOM in such 
a way that it takes into account these factors. Note that since we are referring 
to unbalance and distortion, we shall use the fundamental sequence 
component extraction algorithm of Section 3.3.1. We shall call this operation 
as the DST A TCOM in phasor current control mode since we shall generate 
the reference currents through the phasor analysis. 

Let us, for the time being, consider that the Thevenin equivalent results in 
three balanced impedances even if the equivalent source is unbalanced or 
distorted. We can then have the following three conditions [10] 

1. When both load and source are unbalanced. 
2. When both load and source are unbalanced and the load is distorted. 
3. When both load and source are unbalanced as well as distorted. 
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v,. CD CD CD 
Feeder 

Figure 8.19. A typical distribution system 

Below we shall present the design approaches for the three cases 
mentioned above based on which the customer can draw sinusoidal current 
from the feeder. 

8.4.1 Case-I: When Both Load and Source are Unbalanced 

The reference for the terminal voltage is obtained through the Fourier 
extraction of the fundamental voltage, i.e., v/ = v/md where the superscript 
fund denotes the fundamental quantity. Once this reference is obtained it is 
easy to obtain a reference for the current through the filter capacitor. To 
extract a reference for the injected shunt current we note that the desired 
source current must be fundamental positive sequence phasors. Since 
if = is + if, the compensator must supply the negative and zero sequence 
required by the load current. We can then write in phasor domain 

(8.17) 

where the subscripts 0, I and 2 indicate zero, positive and negative 
sequences respectively. We can then use the algorithm presented in Section 
3.3.1 to extract the sequence components from their samples. Once they are 
obtained we can use inverse sequence transform to set the reference value. 

Assuming that the compensator tracks the reference currents accurately 
we get the following power equations 
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~ + )QI = ~III~ + ~2I;2 + V,oI;o 

~ + )QI = VII 1:1 = V'III~ 

Pf + )Qf = V12 J;2 + VIOJ;O 

(8.18) 

This implies that the source supplies the positive sequence real and reactive 
powers required by the load and the compensator supplies the negative and 
zero sequence powers of the load. However the power supplied by the 
compensator is small and the dc capacitor voltage can be maintained through 
a feedback control. 

Example 8.8: Let us consider a system whose fundamental frequency is 
50 Hz. It is assumed that the Thevenin equivalent voltages of the source are 
unbalanced and are given in per unit by 

Vm =.J2sin(100m) 

V\b = .J2 x 1.25 sin(1 OOm - 120 0 
) 

v,< =.J2 x 0.85 sin (100m + 120 0
) 

The Thevenin equivalent source impedance is given in per unit by 

R = 0.05 and X = mL = 0.3 

Let us assume that the load buses to the right of the pee contain passive 
RL loads. We shall refer the combined feeder and load impedances to the 
right of pee as load impedances for simplicity. They are unbalanced are 
given in per unit by 

Zia = Ria + )Xla = 2.0 + )1.5 

Zib = Rib + )Xlb = 2.55 + )1.25 

Zic = Ric + )Xlc = 1.0 + )2.3 

For simplicity in discussion at this stage, it is assumed that the VSIs are 
lossless and supplied by a fixed dc source instead of the dc storage capacitor. 
The DSTATeOM parameters are given in per unit are 

1 
Vdc =2.0, Rl =0, Xl =mL f =0.2 and X fill =--=7.02 

mCfill 
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The reference waveforms are tracked by an LQR that is designed with the 
following parameters 

30 

Q= 
o 

, r = 0.05 

o 

Note that since the system configuration and control law remain the same we 
use the equations (8. I I) to (8. 16) for the tracking controller. Also note that 
the above choice of weighting matrix puts maximum weight on the shunt 
current and much less weight on the terminal voltage. The full state feedback 
gain matrix obtained through the above choice is 

K=[23.97 5.67 11.47 -3.39] 

We however use a reduced order feedback III which the last element is 
equated to zero. For this reduced order feedback, the dominant closed-loop 
eigenvalues are found to be on the left of the line Re(s) = - 2476 as opposed 
to the line Re(s) = - 2529 for the full state feedback. For the hysteresis band 
control of(8.16) the value of lim chosen is 0.45. 

The result of this compensation is shown in Figure 8.20 in which the 
DST A TCOM is connected at the end of the first half cycle. In this we only 
show the source currents and the terminal voltages. It can be seen that the 
source currents become balanced within about 1.5 cycles. The terminal 
voltage however will remain unbalanced, as the source voltage is still 
unbalanced. As a consequence the power entering the PCC will be 
oscillating at 100 Hz. 

8.4.2 Case-2: When Both Load and Source are Unbalanced and 
Load Contains Harmonics 

The reference for the terminal voltage and current through the filter 
capacitor is obtained in the same way as Case- I. However, to extract the 
reference for the injected current we must remember that the compensator 
should not only supply the sequence currents given in (8.17) but should also 
supply the harmonic content of the load. To facilitate this, let us assume that 
we have obtained the instantaneous three-phase reference current it" from the 
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inverse transformation of ijO', if I " and ir/ given in (8.17). We then use the 
following relation to modify the existing i/ 

·."1 ·"1 .. fund If =I f +1/-1/ 
new old 

(8.19) 

This implies that the compensator cancels the harmonic current drawn by the 
load. The following example illustrates the idea. 

-1 o 0.01 

(a) Source Currents (pu) 

,-
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o 0.01 0.02 0.03 0.04 0.05 

Time (5) 

Figure 8. 20. Compensated source currents and terminal voltages for Case-I 

Example 8.9: Let us consider the same system as given in Example 8.8 
except that in this case we have included a rectifier type load that is 
drawing a peak current of 0.35 per unit in addition to the RL load. Using 
the same feedback gain matrix as given in Example 8.8, we obtain the results 
that are shown in Figure 8.21. It can be seen that the terminal voltages 
become free of distortion as the compensator is connected at the end of the 
first half cycle. They however remain unbalanced, as the source IS 

unbalanced. 

8.4.3 Case-3: Both Load and Source are Unbalanced and Distorted 

This is the case in which we assume that both the source voltages and 
load currents are distorted by harmonics. This has to be treated differently 
than the previous two cases as the generation of references is of a completely 
different nature. Consider the single-line diagram of Figure 8.10. If we want 
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the source current to be balanced and harmonic free, then the terminal 
voltage must contain exactly the same amount of harmonics as the source. 
The reference for the injected current must be extracted in the same way as 
given by (8.17) and (8.19). However, the reference for terminal voltage must 
then be 

V • - fund + harm 
I -VI VI (8.20) 

where v/arm is the harmonic content of the source. Typically, the source 
voltage does not contain any even harmonics and for phase-a is 

vharm == ~ V . ( t) sa ~ san SIn nO) (8.21 ) 
n=3,5,7, .. 

Again note that 

Then the reference for the current through the filter-capacitor is then easily 
obtained from (8.20) and (8.21). 

(a) Source Currents (pu) 

o 0.01 0.02 0.03 0.04 0.05 
(b) Terminal Voltages (pu) 

-2L-____ ~ ____ ~ ____ ~ ____ ~ ____ ~ 
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Time(s) 

Figure 8.21. Compensated source currents and terminal voltages for Case-2 

Example 8.10: Let us consider the same system as in Example 8.9. We 
assume that the source is distorted with 5th and i h harmonics in addition to 
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the unbalance given in Example 8.8. The reference for the terminal voltage 
is generated assuming that the source voltage is completely measurable. The 
state feedback controller gains used in Example 8.8 are used in this case 
also. The results are shown in Figure 8.22 in which the compensator is 
connected at the end of first half cycle. The source currents become balanced 
before the end of the second cycle as evident from Figure 8.22 (a). The 
terminal voltages are shown in Figure 8.22 (b). The phase-a source and 
terminal voltage are plotted in Figure 8.22 (c). It can be seen that they both 
contain the same harmonics of similar magnitude since for zero harmonic 
current to flow through the feeder, the DST A TeOM must create a harmonic 
voltage equal to the voltage source harmonics. To illustrate the tracking 
performance, the reference and actual injected current waveforms for the 
phase-a are plotted in Figure 8.22 (d). It can be seen that the injected current 
tracks the reference within half a cycle. 

(b) Terminal Voltages (pu) 

0.02 0.04 o 0.02 0.04 
(c) Source & Terminal Voltages (pu) (d) Injected Current (pu) 

2 1~----------~ 

0.5 (fa 
• 

-1 0 

tf02 0.03 0.04 0.05 0 0.02 0.04 
Time(s) Time(s) 

Figure 8.22. Compensated source currents and terminal voltages for Case-3 

In the above example we have assumed that the measurement of the 
source voltage is completely available to us. This is not a valid assumption 
as the source may be remotely located. We can at most get a Thevenin 
equivalent voltage in a radial distribution system. We must therefore 
estimate the harmonic content of the source voltage from the measured data. 
This can be easily done when the feeder impedance is completely known. 
Referring to Figure 8.10, we can determine the 5th harmonic component of 
the source voltage through the measurement of 5th harmonic component of 
terminal voltage and source current in phasor notation as 
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V,·5 = ~5 + (R + jSmL )/.<5 

Thus assuming that the feeder impedance is completely known, we can 
estimate the Sth harmonic component of source voltage as follows: 

- Using the Fourier coefficient extraction using half cycle averaging, 
estimate the Sth harmonic component of terminal voltage and source 
current and use them in the above relation to estimate the Sth harmonic of 
source voltage. 

- Use this value to set a reference for terminal voltage. Reference current 
through the filter capacitor is also set using this. 
Once the controller tracking system converges; the Sth harmonic 
component of the source current will be zero and we shall have V,5:::: ~5. 

Similar operation must also be performed for all odd harmonic components 
up to a defined order. 

It is further unrealistic to expect that the feeder impedance of Figure 8.10 
be completely known as it may also be a Thevenih impedance. A 
straightforward use of the algorithm given above will then not be possible. 
Fortunately however, estimation of the entire feeder impedance is not 
necessary for the extraction of terminal voltage reference. The circuit to the 
point of common coupling can be viewed as a uniformly distributed feeder 
that is supplied by a stiff source. We thus need the voltage at any point on 
this feeder and the corresponding impedance. We shall call the procedure of 
estimating· the voltage using a fractional value of the Thevenin impedance as 
partial back projection. For example a SO% back proje·ction will mean using 
O.S(R + jnm) in computing the source voltage of nth harmonic. The proof of 
this reference extraction convergence is given in Section S.7.4 of Chapter S 
under the assumption that the harmonic values are used after the circuit 
reaches steady state. 

Example 8.11: As developed in Section 5.7.4, the stability of the 
reference formulation depends on the eigenvalues of 

being inside the unit circle. Ignoring the load, the three states of Figure 8.10 
are i" VI and i~f~ In current tracking mode, the reference for if is known. The 
reference for VI should be found by back projection of measured harmonic 
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voltage VI back to the source. The matrix P in the above equation expresses 
this estimate of the back projected voltage and the corresponding filter 
current at a particular harmonic in terms of the measured harmonic voltage. 

Let us consider the same system as given in Example 8.10 with the same 
set of controller gains. The worst damped eigenvalues for two different 
amounts of back projection are shown in Figure 8.23. In this figure, the 
dominant eigenvalues for different odd harmonics are indicated by '*'. The 
unit circle is also indicated in the figure. It can be seen that all harmonic 
eigenvalues of the system are stable for a back projection of 75%. However, 
for a back projection of 250%, all eigenvalues are unstable except for the 
fundamental and the 3rd harmonic. 

We now use partial back projection in the simulation studies. Figure 8.24 
shows the source currents obtained with four different back projections. The 
feedback system is not stable and the source currents never become sinusoid 
for 25% back projection. For 50% back projection, the source currents settle 
in about 3 cycles, while they settle down within 2 cycles for 75% back 
projection. The source currents take considerably longer to settle for 150% 
back projection. In fact, through the simulation studies it was observed that 
the system attains steady state with perfect tracking when the amount of 
back projection is limited between 40% to 160%. It is to be noted that there 
is a slight discrepancy between the results obtained using the simulation 
studies and that obtained using the convergence proof of Section 5.7.4. In the 
proof we have assumed that the system first reaches steady state before we 
extract the harmonic components. In the simulation however the harmonic 
components are extracted as we move along in time using the moving 
averaging. The result obtained through the simulation will show a lower 
range of stability than the convergence formula. 
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Figure 8.23. System eigenvalues for two different back projections 
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Figure 8.24. Source currents with four different back projections 
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Another important point to be noted if the back projection is below 40%, 
then the instability in the reference quantities are limited by the operation of 
pulse width modulated VSI. This will result in distortion in source currents 
but they will not diverge because of the finite gain of the inverter. However, 
if the back projection is over 250%, the unstable 5th and i h harmonic will 
swamp the fundamental and the whole system will collapse. The above 
example however clearly demonstrates that if we use a reasonable estimate 
of the feeder impedance (including Thevenin impedance, if any), the 
compensator will be able to correct for current harmonics at the load side as 
well as voltage harmonics on the source side. 

8.4.4 DC Capacitor Control 

So far in the discussion we have assumed that a dc source, rather than a 
dc capacitor is supplying the VSls of the DST A TeOM. We have assumed 
further that the compensator is lossless. We shall now relax these 
assumptions and put a feedback loop to regulate the dc capacitor voltage. 
Refer to (8.17), which gives the relation for reference shunt currents in 
current control mode. The equation is derived assuming that the fundamental 
positive sequence of the source current is equal to that of the load current. 
This assumption will no longer be strictly true since the positive sequence of 
the source current must be higher than its load current counterpart in order to 
supply the real power requirement of the de capacitor. The difference in two 
currents will be forced through the shunt path. We can then modify (8.17) as 
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(8.22) 

where I/os.,· is the current required by the dc capacitor tc? maintain its charge 
and it must be obtained from the dc capacitor feedback loop. 

The feedback should be able to correct the deviation of the average value 
of Vdc from a reference value Vrer• In the simplest form of feedback, we have 
used a proportional-plus-integral (PI) controller to correct for any discharge 
in the capacitor voltage. The controller is then given by 

(8.23) 

where the average value of the dc capacitor voltage VdcGY/ can either be 
measured at the end of a cycle or can be the moving average. The amount of 
Zc required to sustain the dc capacitor voltage must then be drawn equally 
from the three phases. As a result of which we can substitute in (8.22) 

(8.24) 

Example 8.12: Let us consider the same system as discussed before. We 
have assumed that the load side is harmonically distorted, while the source 
side is free of harmonics. We have removed the assumption that the 
compensator is loss less and have chosen the following per unit quantities 

1 
R{ = 0.1, X dc = -- = 0.106 and Vdc = 2.0 

. wCdc 

The PI controller parameters chosen are 

K p = 8 and K I = 25 

The system is started from rest, i.e., the compensator is connected at the 
end of first half cycle after the average load power is obtained. The capacitor 
is assumed to be precharged to 2.0 per unit and this value is also chosen as 
the set point for this voltage. The PI controller is started from zero initial 
condition. The results are shown in Figure 8.25. It can be seen that the dc 
capacitor voltage settles within about 0.3 s. In this figure the steady state 
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waveforms of the source current are also plotted. It can be seen that these are 
balanced without any distortion. This implies that the additional amount of 
real current required is distributed equally in the three phases. 

2:~ 
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Time (5) 

0.6 

Figure 8.25. Performance of a DSTATCOM with dc capacitor control system 

8.5 DST ATCOM in Voltage Control Mode 

In a distribution system there may be several compensating devices of 
different kinds. However, in a radial distribution system, the voltage of a 
particular bus can be distorted or unbalanced if the loads in any part of the 
system are nonlinear or unbalanced. The customers connected to that bus 
would be supplied by a set of unbalanced and distorted voltages, even when 
their loads are not contributing to the bus voltage pollution. Therefore a 
DSTATCOM can be used at this bus to reduce harmonics and balance the 
bus voltages. 

Consider the three-phase, four-wire radial system shown in Figure 8.19. 
Let us assume that we would like to correct the voltage of Bus-3. The single
phase Thevenin equivalent of the system is the same as that shown in Figure 
8.11 (b). In this vs, Rand L constitute the Thevenin equivalent looking 
towards left into the network, while the equivalent load is the impedance 
looking towards right into the network, at Bus-3. We now have to use the 
DSTATCOM in the voltage control mode at Bus-3. Below we present two 
different control schemes of DST ATCOM in voltage control mode. 
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8.5.1 State Feedback Control of DSTATCOM in Voltage Control 
Mode 

For the state feedback control of the DSTA TCOM operating as a voltage 
regulator we need to specify the following references with respect to Figure 
8.10: terminal voltage VI, injected current i,; current through the filter 
capacitor iLt and load current i/. Of these, the load current is load dependent 
that may change at any time. Just as we have done in Examples 8.5 and 8.6, 
we have eliminated the load current from the feedback signal. 

We can choose an arbitrary magnitude for the reference signal of VI. For 
simplicity, let us denote this magnitude by I V;*I. The instantaneous phase-a 
terminal reference voltage is then given by Via· = /V/lsin(wt + (Pt). Since we 
require a balanced voltage at the terminal, the reference voltage for the other 
two phases can be obtained by phase shifting this waveform by 120°. 
However, the angle of the reference signal must be chosen such that the real 
power drawn by the DST A TCOM is zero in the steady state. To facilitate 
this, we use the following feedback signal [10] 

(A (k + 1) = (A (k)+ Cpp 'av (8.25) 

where C1' is a gain, P'av is the average of the shunt power and k is the 
discrete-time index. Once (A is obtained from (8.25), the reference voltages 
for the three phases are calculated. The instantaneous three-phase reference 
voltages for the terminal can then be generated with respect to any phase 
locked point that provides the reference time setting. Once this voltage 
reference is generated, the corresponding current through the filter-capacitor 
can be generated as follows. Since the reference voltage for phase-a is 
I V/lsin( w t + (Pt), the reference current for this phase is then given by 
IV/lw Ctcos( w t + (Pt). 

To generate if' it is to be noted that i/ = i,I' + i,. Hence the reference for it 
could be the instantaneous difference between these two currents. However, 
in order to prevent distortion creeping in, it is desirable to generate this 
reference using the fundamental value of the source current, i.e., 

.• _. ·.lund 
If -I, -1.1' (8.26) 

Example 8.13: In this example we demonstrate the performance of a 
voltage regulating DSTA TeOM. The system parameters are the same as that 
given in Example 8.8. The equivalent load, in addition to the RL load, also 
contains a rectifier load that draws a current with the peak of 0.35 per unit. 
For simplicity in discussion at this stage, it is assumed that the VSls are 
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lossless and supplied by a fixed de source instead of the de storage capacitor. 
The control gain (C,,) of(8.25) is chosen as - 0.15 and IV/I is chosen as 1.2 
per unit. 

The control is designed with 

I 

o 50 J r == 0.05 

The two variables that are most important for control are the terminal 
voltage v! followed by the current ii' The weighting matrix Q reflects the 
importance of these variables. For this set of parameters, the gain matrix for 
phase-a is then given by 

K==[3.25 9.23 30.35 -1.79] 

Using this feedback, the oscillatory closed-loop eigenvalues are to the 
left of the line Re(s) '= - 7193. To avoid the complexity of forming a· 
reference for the load current, we use a reduced order feedback in which the 
last element of the gain matrix is chosen as zero. This reduction in state 
feedback results in a minimal shift in the closed-loop eigenvalues to the left 
of Re(s) '= - 7187. Thus stability is not at all endangered by the reduced 
feedback, but the computation is reduced considerably. Furthermore, the 
same feedback matrix that is designed for phase-a is used for the other two 
phases as well. 

The DST ATCOM performance is shown in Figure 8.26 in which Figure 
8.26 (a) depicts the load currents. The compensator is connected at the end 
of first half cycle (10 ms) after the first fllndamental extraction is completed 
or first power average is obtained. The terminal voltages are shown in Figure 
8.26 (b). It can be seen that the terminal voltages become balanced sinusoids 
within about one cycle of the connection of the compensator. The controller 
output is shown in Figure 8.26 (c). This quantity is plotted a little 10llger than 
the other quantities. It can be seen as soon as the DST ATCOM is pressed 
into service this quantity goes through a transi~nt. However, it settles down 
quickly to an angle of around - 6°. Note that this angle is measured with 
respect to the source voltage as it determines the power flow over the line. 
We may therefore need the timing information from the source for the 
successful implementation of this algorithm. The fast convergence of the 
algorithm is proved from the tracking error plot of Figure 8.26 (d). 
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Figure 8. 26 Performance of voltage controlled DST A TCOM when source is unbalanced and 

load is both unbalanced and distorted 

We now distort the source voltage by adding 5th and 7th harmonics to it 
with the magnitudes of the harmonic components being inversely 
proportional to their harmonic number. The source voltage is shown in 
Figure 8.27 (a). The terminal voltage becomes balanced sinusoid within 
about one cycle of connecting the compensator. This is shown in Figure 8.27 
(b). The controller output and voltage tracking error for phase-b are also 
shown in Figure 8.27 (c) and (d) respectively. 

(a) Source Voltages (pu) (b) Terminal Voltages (pu) 
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Figure 8.27 Performance of voltage controlled DSTATCOM when both source and load are 

unbalanced and distorted 
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Let us now consider the case when there are random disturbances in the 
source voltage. We assume that the source is unbalanced and load is both 
unbalanced and distorted. The source voltage, as shown in Figure 8.28 (a), 
contains spikes of irregular height that appear randomly. The phase-b of the 
uncompensated terminal voltage and source current are shown in Figure 8.28 
(b) and (c) respectively. Due to the presence of the feeder inductance, these 
waveforms are not sinusoidal. The compensator is connected at the end of 
the first half cycle and the compensated terminal voltages are shown in 
Figure 8.28 (d). It can be seen that the terminal voltages become balanced 
sinusoids within 2 cycles of the connection of the compensator. It is however 
to be noted that the glitches in the supply voltage are smoothed by the feeder 
inductance, thereby providing opportunity for the DSTATCOM to achieve 
correction. If the flicker voltage source were very close to the terminal bus 
itself, it would have been impossible for the DSTATCOM to correct it fully 
due to the limited bandwidth of the YSIs. 

(8) Source Voltages (pu) (b) Uncompensated Voltage (pu) 
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Figure 8.28. Elimination of random voltage variation using a DSTATCOM 

In the above example we have assumed that the DSTA TCOM is supplied 
by a dc voltage source. We shall now relax this assumption and include a 
feedback controlled dc capacitor. Refer to (8.25) through which the angle of 
the reference terminal voltage of the DST ATCOM is computed in order to 
force the real power drawn by the DST A TCOM to zero. Since the aim is to 
draw real power from the source, we now modify this equation. In order to 
maintain the capacitor voltage as constant, a negative feedback of this 
voltage is added in the angle computation as 
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(8.27) 

where C v is constant, Vrel is the reference value of the dc capacitor voltage 
and Vd/yl is the cycle average value of the dc capacitor voltage. In order to 
influence the control rapidly, we have chosen this average to be the running 
average. 

Example 8.14: Let us consider the same system and parameters as given 
in Examples 8.12 and 8.13. The controller gains are chosen as 

The system is started from rest, i.e., the compensator is connected at the 
end of first half cycle after the average load power is obtained. The capacitor 
is assumed to be precharged to 2.0 per unit and this value is also chosen as 
the set point for this voltage. The results are shown in Figure 8.29. It can be 
seen that the dc capacitor voltage settles within about OJ s. The average 
power drawn by the DST A TCOM is also plotted in this figure. It has a 
steady-state value of -0.035 per unit indicating that the DST ATCOM is 
drawing power from the supply. The steady state terminal voltage 
waveforms are also shown in Figure 8.29. It can be seen that these are 
balanced without any distortion. 
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Figure 8.29. Performance of a voltage controlled DST ATCOM with dc capacitor control 
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8.5.2 Output Feedback Control of DSTATCOM in Voltage Control 
Mode 

The state feedback controller presented above assumes that the system 
parameters are known. However as we have mentioned before, the feeder 
parameters are at best the Thevenin equivalent of the upstream distribution 
system. Since the Thevenin equivalent can change at any time depending on 
the load, it is desirable that these parameters are not used in the voltage 
controller design. Below we present a voltage control technique that only 
requires the timing information from the source v, for synchronization. 

Consider the network shown in Figure 8.30. In this u is the switching 
variable that can take on values ± I corresponding to the states of the 
inverter. To derive a control law, we assume for the time being that u is 
equal to a continuous signal uc . We shall derive the state space equation for 
the part system enclosed in the dotted path in Figure 8.30. Let us define the 
following state and input vectors 

+ 

v pee J.L. 
fi; ...... 

.-----... 

Cj 

U'Ydc 

: ..... :::-:": ......................... .. 

Figure B.30. Equivalent circuit of voltage compensated distribution system 

The state space equation of the system is then given by 

X~[ -I;L/ lief 1 [ 0 
- R j I Lf x + Vdc I Lf 

== Ax+ Bz 

(8.28) 
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The continuos-time state equation is then discretized as 

x(k + I) = ¢ x(k ) + e z(k ) (8.29) 

where k is the kth sampling instant and the matrices ¢ and e, for a sampling 
time of f..T, is given as 

111' 

¢=e AI1I' and e= feAtBdr 
o 

Let us define the elements of the matrices given in (8.29) as follows 

We can then write from (8.29) 

(8.30) 

We shall now design a deadbeat controller discussed in Section 5.7.5. For 
a reference voltage of v/, the following cost function is chosen 

(8.3 1) 

The minimization of this function results in the following control input 

(8.32) 

Once Uc is obtained the control input u is obtained in the hysteresis band 
control of (8.15). Let us consider the following example. 

Example 8.15: Let us consider the same system as given in Example 8.13 
in which it is assumed that the VSls are loss less and supplied by a fixed dc 
source instead of the dc storage capacitor. We have chosen IV/I to be 1.2 per 
unit and assume that the phase of the desired terminal voltage is obtained 
from (8.25). The control gain (CI') is chosen as - 0.01. The results are shown 
in Figure 8.31 in which the compensator is switched on after the first half 
cycle. It can be seen that the tracking error is forced to zero within one cycle 
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of the compensator being connected. However the phase-b takes longer to 
stabilize. It can be seen that it takes about 0.2 s to stabilize. 

We now investigate how the voltage controller behaves when a voltage 
sag occurs. The source voltages of the three phases are reduced to 75% of 
their nominal values used before at 0.21 s. It is desired that DSTATCOM 
still maintains the voltage to a peak value of 1.2 per unit. The results are 
shown in Figure 8.32. It can be seen that there is no transient in the terminal 
voltage magnitude. This implies that the power required by the load is 
almost unchanged. It is well known that the power flow between two sources 
that are connected by an inductor with a value of X is given by 

V,v . 
p=_1_2 smtS 

X 

where VI and V2 are the rms voltage magnitudes and tS is the angle between 
these two .voltages. Therefore since the source voltage has reduced, the 
power supplied to the load can be held constant by introducing additional lag 
in the terminal voltage with respect to the source voltage. It can be seen from 
Figure 8.32 (b) that the phase angle controller increases the phase lag such 
that power supplied to the load is held constant. It is to be noted that since 
the source is unbalanced, the phase ¢, is an equivalent phase angle that is 
required to maintain the power flow and not the load angle tS lIsed in the 
equation given above. 
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Figure 8.31. Performance of voltage controlled DSTATCOM under output feedback control 
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Figure 8. 32. Performance of voltage controlled DST A TeOM under voltage sag 

The above example assumes that the compensator is supplied by a 
constant dc source. In practical circuit however the system will be supplied 
by a dc storage capacitor. This can be done using (8.27) in the same manner 
as discussed in the previous sub-section. Various simulation and 
experimental results with voltage controlled DSTA TeOM operating under 
deadbeat control are given in [II]. 

8.6 Conclusions 

In this chapter we have presented practical structures of DST A TeOM 
that can be used in power distribution systems. We have also discussed how 
the DST A TeOM can be used in weak supply point connections. In 
particular these devices can be used both as current compensators to 
compensate harmonics generated by loads and also as voltage regulators to 
regulate the voltage of a particular distribution system bus. In general these 
algorithms are found to perform satisfactorily. Note that we have used only 
capacitor filters to bypass the harmonics generated by inverter switching. 
There are however possibilities of using Le filters for this purpose. 
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Chapter 9 

Series Compensation of Power Distribution System 

In the previous two chapters we have discussed the shunt compensation 
of power system loads. It has been shown that shunt compensator can be 
very effective in balancing any unbalance in the load currents and also for 
cleaning up harmonic pollution in the load, provided that the supply is 
balanced. In this way, a shunt compensator protects the utility system from 
the ill effects of customer loads. In this chapter we shall show that a series 
compensator is the dual of a shunt compensator - it protects a sensitive load 
from the distortion in the supply side voltage. The basic principle of a series 
compensator is simple: by inserting a voltage of required magnitude and 
frequency, the series compensator can restore the load side voltage to the 
desired amplitude and waveform even when the source voltage is 
unbalanced or distorted. Usually a series compensator is used to protect 
sensitive loads during faults in the supply system. 

A power electronic converter based series compensator that can protect 
critical loads from all supply side disturbances other than outages is called a 
dynamic voltage restorer (DVR). This device employs IGBT solid-state 
power-electronic switches in a pulse-width modulated (PWM) inverter 
structure. The DVR is capable of generating or absorbing independently 
controllable real and reactive power at its ac output terminal. Like in a 
DST A TeOM, the DVR is made of a solid-state dc to ac switching power 
converter that injects a set of three-phase ac output voltages in series and 
synchronism with the distribution feeder voltages. The amplitude and phase 
angle of the injected voltages are variable thereby allowing control of the 
real and reactive power exchange between the DVR and the distribution 
system. The dc input terminal of a DVR is connected to an energy source or 
an energy storage device of appropriate capacity. The reactive power 
exchanged between the DVR and the distribution system is internally 
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generated by the DVR without ac passive reactive components. The real 
power exchanged at the DVR output ac terminals is provided by the DVR 
input dc terminal by an external energy source or energy storage system. 

A typical DVR connection is shown in Figure 9.l. It is connected in 
series with the distribution feeder that supplies a sensitive load. For a fault 
clearing or switching at point A of the incoming feeder or fault in the 
distribution feeder-I, the voltage at feeder-2 will sag. Without the presence 
of the DVR, this will trip the sensitive load causing a loss of production. The 
DVR can protect the sensitive load by inserting voltages of controllable 
amplitude, phase angle and frequency (fundamental and harmonic) into the 
distribution feeder via a series insertion transformer as shown in Figure 9.1. 
It is however to be mentioned that the rating of a DVR is not unlimited. Thus 
a DVR can only supply partial power to the load during very large variations 
(sags or swells) in the source voltage. As we shall demonstrate in this 
chapter that during steady state operations, the DVR can compensate for the 
inductive drop in the line by inserting a voltage in quadrature with the feeder 
current. During this phase, the dc storage need not supply any real power 
except for the losses in the converter. The DVR can also limit a fault current 
by injecting a leading voltage in quadrature with the fault current thereby 
increasing the effective fault impedance of the distribution feeder. 

~II 
• Feeder-1 

-ill 
Feeder-2 

8 
WM 

Sensitive 
Load 

Figure 9.1. DVR connection for voltage sag correction of sensitive loads 

In August 1996, Westinghouse Electric Corporation installed world's first 
DVR in Duke Power Company's 12.47 kV substation in Anderson, South 
Carolina. This was installed to provide protection to an automated rug 
manufacturing plant. Prior to this connection, the DVR was first installed at 
the Waltz Mill test facility near Pittsburgh for full power tests. The test 
results are discussed in [1]. The next commissioning of a DVR was done by 
Westinghouse in February 1997 in Powercor's 22 kV distribution system at 
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Stanhope, Victoria, Australia. This was done to protect a diary milk 
processing plant. The saving that may result from the installation of this 
DVR is estimated at over $100,000 per year [2]. In the next phase of 
development, DVRs that can be mounted on an overhead platform supported 
by two poles were fabricated. The first ever DVR that is mounted on a 
platform was installed to protect Northern Lights Community College and 
several other smaller loads in Dawson Creek, British Columbia, Canada [3]. 

In this chapter we shall present two different structures of the DVR. 
These are shown in Figure 9.2. In the structure of Figure 9.2 (a), the dc bus 
of the VSI realizing the DVR is supplied from the feeder through a rectifier. 
Therefore the DVR can absorb real power from the feeder through the dc 
bus. This is not possible for the structure of Figure 9.2 (b) in which the DVR 
is supplied by a dc storage capacitor. Therefore the DVR in this structure 
must operate in the mode in which it will have no real power exchange with 
the ac system in the steady state. 

Feeder Feeder 
~ 

.,.. -. -. 
Rectifier VSI VSI 

(a) (b) 

Figure 9.2. Two possible structures of DVR 

In addition to voltage compensation through DVR, a hybrid structure of 
series active and shunt passive filter has been proposed for harmonic 
neutralization of nonlinear loads. We shall discuss this method at the end of 
the chapter. 

9.1 Rectifier Supported DVR 

Let us first consider the DVR structure shown in Figure 9.2 (a). Let us 
consider the simplified distribution system shown in Figure 9.3. It is 
assumed that the system is compensated by an ideal series compensator. We 
can then define the following components of the distribution system. 
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- Ideal Series Compensator: represented by the instantaneous voltage 
sources vfa, Vfb and V/i.. 

- Supply Voltages: represented by the instantaneous voltage sources VIQ, V,b 

and v'c. 
- Load Voltages: represented by the instantaneous voltages Via, Vlh and Vic. 

- Terminal (PCC) Voltages: represented by the instantaneous voltages Via, 

Vlh and VIC. 

- Line Currents: represented by ilQ, i ,h and i ,e . Note that these currents will 
also flow through the load and therefore we might also call them load 
currents. 

- Sensitive Loads: represented by the impedances Zla, Zlh and Zic. It is 
assumed that these loads are balanced, i.e, Zia = Zlh = Zic. 

The series compensator is connected between a terminal bus on the left 
and a load bus on the right. The instantaneous voltages of the terminal (PCC) 
and load buses are denoted by VI and VI respectively with subscripts a, band c 
denoting the phases with which they are associated. The voltage sources are 
connected to the series compensator terminals by a feeder with an impedance 
of R + Jx. In this study we assume that the balanced loads are of RL type, 
given by Zia = Zlh = Zic = RI + JXt. It is to be noted that the phase angle (A 
between the load terminal voltage VI and the line current i, depends on the 
load impedance and is independent of the line impedance or the series 
compensator voltage. 

N n 

Figure 9.3. Schematic diagram ofa series compensator connected power system 

From Figure 9.3 we observe that 

VI == V, + v t (9.1 ) 
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It is desired that the DVR regulates the load voltage. The reference voltage 
of the DVR (v/) is then given by [4] 

(9.2) 

where v/ is the desired load voltage. Theoretically we can choose v/ to have 
any arbitrary magnitude and angle. Let us now consider the following 
example. 

Example 9.1: Let us assume that a load is supplied by a balanced source 
with a peak voltage of "2 per unit. Let the feeder and load impedances in per 
unit be (see Figure 9.3) 

R + jX = 0.05 + jO.3 and R, + JX, = 2 + jI.S 

The DVR will be connected at the end of the first half cycle (0.01 s). We 
desire that the peak of the load voltage be "2 per unit. 

The results are shown in Figure 9.4 in which the reference load voltage 
has an angle of - 20° in Case-I, while it has an angle of + 20° in Case-2. 
These reference angles are measured with respect to the source voltage and 
all quantities in Figure 9.4 are given in per unit. It can be observed from 
Figure 9.4 (a) and (c) that the load voltage becomes the desired voltage as 
soon as the DVR is connected. However to understand the behavior of the 
instantaneous powers shown in Figure 9.4 (b) and (d), let us for the moment 
assume that the dc bus of the DVR is supplied by an ideal dc source that 
injects or absorbs any amount of power. Then for Case-I, part of power 
demanded by the load (pa is supplied by the terminal (PI) and the other part 
comes from the compensator (Pt). The behavior in Case-2 however is 
different. In this case the terminal supplies more power than demanded by 
the load. Therefore the excess power is returned to the dc source connected 
to the DVR. 

In actual situation when the dc bus of the DVR is supplied by the 
terminal through the rectifier shown in Figure 9.2 (a), the reverse power flow 
may damage the rectifier unit. We must therefore always ensure that the 
phase angle of the desired load bus voltage is less than that of the terminal 
voltage. 

To alleviate the problem of reverse power flow we must compute the 
phase angle of the positive sequence of the terminal voltage (VII) and make 
the reference load voltage (v,") to lag this voltage by a small amount. To 
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accomplish this we shall use the on-line fundamental symmetrical 
component extraction algorithm given in Section 3.3 .1. The positive 
sequence extraction is used because a disturbance in the supply side creates a 
temporary unbalance in the system. The idea is illustrated in the following 
example. 

(a) Load Voltages (Case-1) (b) Instantaneous Powers (Case-1) 
2 1.5~-----~ 

-2 
o 0.02 

0.5 

0.04 

, ___ •..•• ~.t •••..••. 

Pt 

0.02 0.04 
(c) Load Voltages (Case-2) (d) Instantaneous Powers (Case-2) 

-2c--------:---:-c 
o 0.02 

Time(s) 

15, 

11 
0.5 

o 

0.04 -050 

Pt 

0.02 0.04 
Time(s) 

Figure 9.4. Performance of rectifier supported DVR for two different phase angles: Case· I 
when load voltage lags the source voltage by 20° and Case-2 when it leads by 20° 

Example 9.2: Let us consider the same system as given in Example 9.1. 
We desire that the reference load voltage has a magnitude of .y2 per unit 
while its phase angle lags that of the phase angle of the positive sequence of 
the terminal voltage by 5°. The compensator is connected at the end of the 
first half cycle. Further after two cycles (0.04 s) a voltage disturbance is 
created in the source voltage that lasts for about one and a half cycle. During 
the disturbance, the voltages of phases-a and b sag to 75% and 80% of the 
nominal values respectively, while that of the phase-c rises to 120% of the 
nominal value. We have not introduced any change in the phase angles of 
these voltages. The results are shown in Figure 9.5. It can be seen that the 
load voltages are held constant during the disturbance. Also during the 
voltage disturbance, the terminal voltages are unbalanced and as a 
consequence the DVR voltages are also unbalanced. Therefore both the 
instantaneous powers supplied by the terminal and the DVR oscillate at 100 
Hz. However there is no reverse power flow through the DVR. Since the 
load voltage is held balanced and loads are balanced, the load power remains 
constant except for minor disturbances at the beginning and end of the 
voltage sag/swell. 
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Figure 9.5. Performance of rectifier supported, phase angle controlled DVR during voltage 

sag/swell 

To investigate the performance of the DVR during the load change we 
have assumed that the load current has reduced suddenly such that load 
impedance is three times the value given in Example 9.1. The results are 
shown in Figure 9.6 in which the load reduction takes place when the system 
is in the steady state. It can be seen that no transient is observed in the load 
voltages. Further there is a reduction in all the three powers indicating that 
load demand has reduced. However even during this load reduction, the flow 
of power through the DVR remains in the positive direction. 

In addition to the power flow consideration, the rating of the DVR also 
plays an important role in voltage correction. Figure 9.7 depicts the per unit 
voltage to be injected by the DVR for four different symmetrical sags in the 
source voltage. Since the sag is symmetric, only phase-a voltage of the DVR 
is shown in this figure, as the DVR will inject a balanced voltage. It can be 
seen as the sag magnitude increases, the peak of the injected voltage 
increases. In fact for a sag in which the peak of the source voltage reduces to 
50% its nominal value, the peak voltage to be injected is 0.85 per unit, i.e., 
the voltage has an rms value 0.6 per unit. This will obviously increase the 
rating of the device. Therefore the device rating and the maximum avai lable 
compensation achievable are important issues. These issues are discussed in 
[5,6]. In addition, the protection issues are discussed in [5]. 



340 

-2 
o 0.01 0.02 0.03 0.04 0.05 0.06 

(b) Instantaneous Powers (pu) 
1.5 ----,----------,--------- , -- ----~ 

PI I 

0.5 

---p~-...... : ...... _ ................................ . 

PI 
°0L--~---·~~====~~~====~==·== 

0.01 0.02 0.03 0.04 0.05 0.06 
Time(s) 

Chapter 9 

Figure 9.6. Performance of rectifier supported, phase angle controlled DVR during load 
reduction 
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Figure 9.7. DVR voltage injection requirements for different voltage sags 

9.2 DC Capacitor Supported DVR 

In this section we shall consider the DVR structure shown in Figure 9.2 
(b). It will be demonstrated that this series compensator can not only act as a 
voltage restorer but also as a voltage regulator by pure series reactive 
injection. This implies that the DVR does not absorb or supply any real 
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power in the steady state. Let us first develop the analytical aspects and 
illustrate these by examples of the simplified distribution system shown in 
Figure 9.3. 

9.2.1 Fundamental Frequency Series Compensator Characteristics 

First we shall present the sinusoidal steady state analysis of a series 
compensator connected power system. In the analysis presented below we 
assume that the magnitude of the source voltage is V per unit and we want to 
regulate the magnitude of the load voltage to V per unit by injecting a 
voltage from the series compensator. We stipulate the following condition on 
the compensator [7]. 

- Condition-1: The series compensator need not supply any real power in 
the steady state. This implies that the phase angle difference between 
series compensator voltage phasor and line current phas~r must be 7d2 in 
the steady state. 

Under this condition, we can divide the operation of the series compensator 
into three different cases depending on the feeder and load impedances. 
These are discussed below. 

Case 1: When the Line Resistance is Negligible, i.e., R = 0: The phasor 
diagram for this case is shown in Figure 9.8. The only way the load and 
source voltage magnitudes can be equal is when the series compensator 
completely compensates for the reactive drop in the feeder. This will force 
the source and load voltages to be in phase. 

Figure 9.8. Phasor diagram for Case-l 
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Case-2: When the load is resistive, i.e., Xi = 0: The phasor diagram for 
this case is shown in Figure 9.9. It can be seen that the magnitude of the 
source and load voltages will never be equal in this case unless the condition 
that the series compensator must not supply (or absorb) real power is 
relaxed. 

• 
~ 
. Loclls of 

possible V, 

Figure 9.9. Phasor diagram for Case-2 

Case-3: This is the most general case in which the load current lags the 
load voltage and the feeder resistance is not neglected. To draw a phasor 
diagram, we assume that the load voltage is fixed at V per unit and the 
source voltage is allowed to vary. Since the primary target is to make the 
magnitudes of VI and VI equal, the locus of desirable VI is the semicircle as 
shown in Figures 9.10 and 9.11. 

Figure 9.10 shows the I imiting behavior. Let us assume that the resistive 
drop (Rl,) in the feeder is greater than the length SP. Since the series 
compensator must inject voltage in quadrature with the load current, it wi II 
not be possible to get the source voltage to be equal to V per unit. Even 
though the source voltage can be fixed anywhere along the line NM, the 
maximum of I ViI/I V,I is obtained when the source voltage is equal to OM. On 
the other hand, if the Rl, drop is exactly equal to SP, the load and source 
voltages can be made equal by aligning the source voltage with the line 
current. The magnitude of the source voltage is then equal to OQ. 

Let us again consider the limiting case shown in Figure 9.10 in which we 
assume that the magnitude of the source voltage (OM) is equal to 1.0 per unit 
and that of the load voltage is V per unit. We then have the distance 
aT = V COS(Pt. Hence the distance MT will be equal to 1 - V cos(pt. Therefore 
we can write Rl, = 1 - V COS(Pt. 

Now suppose the Rl, drop is less than the limiting value (i.e., SP in 
Figure 9.10). The series compensator must then compensate the entire 
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reactive drop in the feeder and provide additional injection such that the 
magnitude of the source voltage becomes V per unit. It can be seen from 
Figure 9.11 that there are two possible intersection points with the semicircle 
- one at A and the other at B. This implies that two possible values of series 
compensator voltage can be obtained for this case. In the first case the source 
voltage will be along OA, while in the other case it will be along OB. It is 
needless to say that the best choice is the A intersection requiring much 
smaller voltage injection from the series compensator. 

O~--~----------~ 

... ·N 
.' .... < .. M Locus of 

./ Possible V, 

Figure 9.10. Phasor diagram of the limiting condition for Case-3 

O~------------~ 

Figure 9.11. Phasor diagram showing multiple solutions for Case-3 

To obtain a valid solution we require that 

Rls ~ 1 - V cos tP, => 
1- V costP, 

I\.~-----. R 
(9.3) 
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The changes in the source current with the changes in the load power factor 
angle are shown in Figure 9.12 for different values of the line resistance and 
V = 1.0 per unit. From this it can be seen that as the line resistance increases, 
the current drawing capacity of load that has to be compensated decreases. 
This implies that if the load requires more current than is permissible, the 
series compensator will not be able to regulate the load voltage to 1.0 per 
unit. 

Alternatively, we can also regulate the load voltage to a value that is 
other than 1.0 per unit. Figure 9.13 shows the system load current 
characteristics for different values of V. It can be seen that as the requested 
load voltage V decreases, the maximum current drawing capacity of the load 
increases. At the same time, a restriction is also put on the minimum current 
that can be drawn by the load. Similarly, as V increases, the current drawing 
capacity of the load decreases. Clearly, even for zero load current, a voltage 
of 1.05 per unit cannot be achieved for low power factor angles. 
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Figure 9. J 2. Compensatable source current versus power factor, source and load voltages 
equal: a range of feeder resistance 

Example 9.3: In this example, we illustrate the procedure for the steady
state computation of series compensator voltage. Let the feeder and load 
impedances in per unit be 

R + jX = 0.05 + jO.3 and R, + jX, = 2 + )1.5 

We now connect a series compensator aiming to regulate the load voltage to 
1.0 per unit. Let us assume that V, = 1 LO° per unit. The line current is then 
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Figure 9.13. Compensatable source current versus load power factor: a range of target 
voltages 

lLO° 
II = = O.4L - 36.87" per unit 
. R, + iX, 

For zero series compensator real power, its voltage must be in quadrature 
to the line current. We then have 

(9.4) 

where al + ib l is a unit phasor at 90 0 to II' Again from Figure 9.3 we get 

(9.5) 

where a2 + ib2 represents the feeder drop. 
Substituting (9.4) in (9.5) and rearranging we get 

(9.6) 

Assuming that the magnitude of the source voltage I V,I is known, we get the 
following quadratic equation from the magnitude condition 
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Let us assume that the magnitude of the source voltage is 1.0 per unit. Then, 
as the magnitude of the load voltage is 1.0 per unit, solving the above 
equation we get 

IVI 1= 0.1476& 1.2924 

It was mentioned before, these two values of IVII correspond to two 
operating points (A and B) in Figure 9.11. We would obviously choose the 
lower of the two values because of the lower rating requirements on the 
compensator. 

9.2.2 Transient Operation of Series Compensator when the Supply 
is Balanced 

The above example demonstrates how a series compensator can be 
controlled. However, the equations derived above assume sinusoidal steady 
state operation and full system knowledge. It is thus important to derive the 
required steady state quantities using half cycle averaging. To extract the 
sinusoidal steady state quantities, we shall use the derivations presented in 
Section 3.3.1. Below we present an algorithm that is implemented in the 
following steps: 

1. The system quantities are phase locked to a reference point. 
2. Half cycle averaged positive sequence of the line current and source 

voltage is then extracted with respect to the phase lock. 
3. The magnitude of series compensator voltage is calculated based on 

(9.7). 
4. The series compensator voltage is then synthesized with this magnitude 

and an angle that leads the line current angle by 90°. 

We shall call this the Type-1 control. Let us illustrate with the help of the 
following example. 

Example 9.4: Let us consider the same system as in Examples 9.1 and 
9.3. The peak of the source voltage is >/2 per unit and we want to regulate the 
load voltage such that its peak is also >/2 per unit. Under this condition, the 
peak value of the compensator voltage should be equal to >/2xO.1476 as 
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derived in Example 9.3. The system frequency is chosen as 50 Hz. We now 
use the averaging process given in Section 3.3.1 to obtain the source voltage 
and load current. It is assumed that the series compensator is realized by 
three ideal voltage sources and thus any change in the series compensator 
voltage is reflected in the load voltage instantaneously. It is however not 
feasible in practical cases where a voltage source inverter is used to 
implement the series compensator. We shall discuss this aspect later. 

The system response is shown in Figure 9.14. It is to be noted that the 
series compensator is connected to the system after half a cycle (10 ms) once 
the first average is obtained. We use moving average subsequently such that 
the value of fundamental voltage and current is available at each sampling 
instant. The steady state terminal voltage is given by 

VI =V, -(R+ jX)I, =0.916L-5.26° 

It can be seen from Figure 9.14 (a) that the peak of the terminal is about 
1.30 ("'=' --J2 x 0.916) per unit. Figure 9.14 (b) and (c) depict the load voltage 
and series compensator voltage respectively. The series compensator power 
is shown in Figure 9.14 (d). It can be seen that it draws power as soon as the 
series compensator is connected. The load voltage is suddenly changed from 
1.30 per unit to --J2 per unit at the end of first half cycle. Since the load is 
passive, this results in an increase in the average load power. Since the 
source is not able to meet this increased power demand instantaneously, the 
series compensator helps in riding over the transient by supplying the real 
power temporarily. However, the transient does not last long and the power 
becomes zero within less than a cycle. 

In the control technique presented above it is assumed that entire circuit 
parameters are known as well as the source voltage. This however may not 
be feasible. Alternatively, the series compensator voltage must be 
synthesized based on local measurements only. To accomplish that we note 
from Figure 9.3 that V, + VI = VI. We then get [7] 

(9.8) 

Note that as in (9.4) the term aj + jb j is a unit phasor that is 90° from the 
line current. Assuming that VI = IV/ILO°, the above equation leads to the 
following quadratic 
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Figure 9.14. System response with Type-l control 

(9.9) 

This algorithm will be referred to as the Type-2 control. It requires the 
measurement of the local quantities only. To implement this algorithm we 
need the fundamental of the series compensator terminal voltage (VI) along 
with the line current. The following example illustrates the Type-2 control. 

Example 9.5: Let us consider the same system as given in Example 9.4. 
The system response is shown in Figure 9.15. The system behavior in this 
case is almost identical to the behavior shown in Figure 9.14. 

9.2.3 Transient Operation when the Supply is Unbalanced or 
Distorted 

The above example illustrates the advantage of using a series 
compensator when the supply is balanced. However, one of the main reasons 
for the use of series compensator is to produce clean balanced sinusoidal 
load voltages even when the supply is unbalanced or distorted. We thus have 
to modify the above algorithm to accommodate this. To accomplish this, 
condition-l must first be modified as 
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- Condition-2: The positive sequence of the series compensator power 
must remain zero in the steady state. Since the reference load voltages 
and hence load currents are balanced, this implies that the phase angle 
difference between the positive sequence of the series compensator 
voltage phasor and the line current phasor must be :rrI2 in the steady state. 

In the presence of unbalance or harmonics this condition stipulates that 
the instantaneous series compensator power will have a zero mean, but will 
also contain a periodic term. We now divide the series compensator terminal 
voltage as 

(9.10) 

where VII is the positive sequence component of V, and v,'" II is the remaining 
portion containing the influence of unbalance and harmonics. As per 
condition-2 we can then write 

V IV I I (.d, +90 0

) IV I( 'b ) 
/1 = II e = II a l + J I (9.11 ) 

where al + jb l is a unit phasor at 90° to I,. We then modify (9.9) to obtain the 
magnitude of the fundamental frequency component of series compensator 
voltage from the quadratic 
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(9.12) 

The fundamental component of the series compensator voltage is 
obtained from the above equation. The instantaneous series compensator 
voltage is then obtained by solving the following equation after phase 
locking the fundamental component with the reference point 

(9.13) 

This will provide for the desired correction of the positive sequence term and 
will cancel all negative or zero sequence components as well as harmonics. 

Example 9.6: Let us consider the same system as given in Examples 9.4 
and 9.5. Let the supply voltages be unbalanced such that the voltage peaks of 
phase a, band care 1.0, 0.9 and 1.2 per unit respectively. In addition to the 
unbalance we have also added 51h and i h harmonics to the source voltage 
with their magnitudes being inversely proportional to their harmonic 
number. The source voltages are shown in Figure 9.16 (a). The series 
compensator is connected at the end of the first half cycle when the 
extraction of the fundamental quantities starts. The load voltages are shown 
in Figure 9.16 (b). It can be seen that these voltages become balanced 
harmonic free with a peak of...J2 per unit as soon as the series compensator is 
pressed in service. The magnitude of the source voltage is maximum in the 
phase-c. Thus the series compensator voltage correction for this phase is also 
maximum. This voltage is shown in Figure 9.16 (c). It can be seen that peak 
voltage requirement is about 0.5 per unit. The instantaneous series 
compensator power is shown in Figure 9.16 (d). This oscillating power has a 
zero mean once the initial transients die off at around 0.02s. 

9.2.4 Series Compensator Rating 

Since a series compensator is connected in series with the feeder, the full 
feeder current flows through it. This current mainly depends on the load 
voltage and impedance. Thus the power rating of a series compensator will 
mainly depend on the series compensator voltage. So far in our discussion 
we have assumed that the series compensator is capable of supplying 
unlimited amount of voltage. This however may not be feasible. Consider 
the following example. 



9. Series Compensation of Power Distribution System 

(a) Source Voltages (pu) 

2 

-2. __ 
o 0.04 

(c) Phase-c DVR Voltage (pu) 
1,---------, 

0.5 

o 

-0.5 

-1 o 0.02 
Time(s) 

-2 
o 0.02 0.04 

(d) Compensator Power (pu) 
O.5~----

I 

0.02 
Time (s) 

0.04 

351 

Figure 9.16. Performance of series compensator under unbalanced and distorted supply 
condition 

Example 9.7: Assume that a balanced RL load is supplied by the feeder 
system shown in Figure 9.3. The feeder and load impedances are given in 
per unit by 

R + jX = 0.05 + JOJ and R, + jX, = 0.5 + JOJ 

Assuming that V, = 1 LO° per unit, the line current is 

I, = 1.715L - 30.96° per unit 

We then have 

VI =IVr l(0.5145 + jO.8575) 

Substituting in (9.7) and assuming I V,I == 1.0 per unit and solving we get 

IVr 1= 0.6969 & IJ611 

The lesser of these two values is 0.6969 per unit. Usually, power electronic 
switches and passive elements are used to realize a series compensator. Thus 
the capital cost of the installation, maintenance and running cost of the 
compensator device will increase with the increase in power level rating. If 
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we regulate the load voltage at a lower value instead, the magnitude of the 
required voltage injection reduces. This is given in Table 9.1 where only the 
feasible value (lower of the two computed values) is entered. 

Table 9.1. Required series voltage injection for desired load voltage 
Desired /VA in per unit Required I VA in per unit 

1.0 0.6969 
0.98 0.6269 
0.96 0.5635 
0.94 0.5048 
0.92 0.4497 
0.90 0.3976 
0.88 0.3478 
0.86 0.3001 
0.84 0.2543 
0.82 0.2099 
0.80 0.1670 

The above example demonstrates that by dropping the magnitude of the 
load voltage requirement we can reduce the injection requirement of the 
series compensator. At the same time it is also possible that a certain target 
voltage may not be achievable. For example, for the system of Example 9.7, 
the quadratic (9.7) yields two complex conjugate roots 1.096 ±jO.096 if the 
target load voltage is 1.065 per unit. This mean that there is no feasible 
solution for the series compensator voltage injection if the target load 
voltage is greater than 1.06 per unit. The target voltage must be reduced 
under such a situation. But the question is how one does that on-line? 

Fortunately there is a direct relationship between the terminal voltage, 
power factor of the load and the maximum possible achievable load voltage. 
Refer to the quadratic given in (9.12). Given a value of I VI' I and a target I VII, 
(9.12) will produce two real values of IVIII provided that the target is feasible. 
Otherwise, as explained before, it will produce two complex conjugate roots 
indicating a lack of a feasible solution. We can then surmise that the 
maximum achievable value of I Vii is that for which (9.12) yields a single 
solution. This is given by 

(9.14 ) 

Substituting (9.14) into (9.12) we obtain the series compensator voltage 

as 
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(9.15) 

Note that 

where (Pt is the angle by which i, lags VI. Hence we can write 

We can thus modify (9.14) to obtain 

(9.16) 

Example 9.8: Let us consider the same system as given in Example 9.5 
with Type-2 control. With the system operating in the steady state, the 
magnitude of the supply voltage suddenly drops to 0.5 per unit in all three 
phases. This is shown in Figure 9.17 (a). It is needless to say that it is 
impossible to regulate the load voltage at -12 per unit during this time 
without any real power injection. The best that can be done is to maximize 
the load voltage. This is done through (9.14) and (9.15) and the results are 
shown in Figure 9.17 (b-d). The peak of the maximum load voltage that can 
be supplied during this time is around 0.79 per unit and the peak of the series 
compensator voltage is around 0.31 per unit. These two voltages are shown 
in Figure 9.17 along with the compensator power. It can be seen that the 
steady state value of power remains zero. 

The compensating device itself imposes another limit on the maximum 
permissible output voltage of the series compensator. We shall investigate 
this aspect later in this chapter. For the time being, let us assume that the 
maximum voltage that the compensator can reproduce is denoted by v/wx. 
Then, no matter however large the voltage demand is, the compensator can 
only produce up to a maximum of v/wx in any of the three phases. This 
compensation will clip the load voltage and that in turn will result in 
distortion in both load voltage and current. The following example illustrates 
this idea. 
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Figure 9.17. Behavior of series compensated system during voltage sag 

Example 9.9: Let us consider the same system of Example 9.6. In that 
example, the peak of the positive sequence series compensator voltage 
injection required is 0.127 per unit, while the peak of the overall voltage 
requirements of the three phases are 0.5353, 0.5690 and 0.7142 per unit 
respectively. If the source was free of harmonics, these peak requirements 
will reduce to 0.1606, OJ054 and 0.2061 per unit respectively. We thus see 
that the major part of the compensation effort is required to cancel the 
harmonic content of the source. We now choose vrx of 0.4243 (= OJx-/2) 
per unit and run the compensator such that it saturates the voltage injection 
once it exceeds this requirement. 

The system response is shown in Figure 9.18. In these plots, we only 
display the steady state results from the end of the 151 cycle. Figure 9.18 (a) 
depicts the actual voltage of phase-c (VIC) and its extracted fundamental 
voltage (VIet). It can be seen that the fundamental extraction has stabilized by 
the time the 2nd cycle starts. The load and injected voltages of the three 
phases are shown in Figure 9.18 (b )-( d). In these plots, the upper and lower 
permissible limits of the injected voltage are also indicated. It can be seen 
that when the series compensator voltage saturates to a maximum or 
minimum, a distortion occurs in the load voltage. This distortion is 
maximum in phase-c as it has the maximum peak voltage. Table 9.2 lists the 
total harmonic distortion (THD) of the source, terminal and load voltages. It 
can be seen even when the compensator is forced to hit the limit, the THD of 
the load voltage is considerably lower than the source. 
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Table 9.2. Total harmonic distortion of various voltages 

Voltages THD in percentage 

Source 

Terminal 

Load 

v'" 24.58 
Vsh 24.58 

Vsc 24.58 

VIa 26.65 

Vlh 27.04 

VIC 26.11 

VI" 2.37 

Vlh 3.18 

Vic 5.94 

(a) Phase-c Terminal Voltage (pu) 
2 

0.03 0.04 
(c) Phase-b Voltages (pu) 
2-- -----

-2'--------------
0_02 0.03 0.04 

Time (s) 

(d) Phase-c Voltages (pu) 
21----~--

Figure 9. /8. System behavior when limits on compensator voltages are imposed 

355 

9.2.5 An Alternate Strategy Based on Instantaneous Symmetrical 
Components 

So far we have used the vector formulation for generating DVR reference 
voltages. We can also use a power based strategy for the generation of these 
voltages [8]. For this we shall use the local measurements and stipulate that 
the DVR does not supply or absorb any real power in the steady state. We 
shall assume that the loads are balanced and we would like to generate a set 
of balanced voltages at the load terminal. Since the desired load voltages are 
balanced sinusoids and the loads are balanced, the instantaneous load power 
is constant. Again as the DVR does not consume or supply any real power, 
the constant load power must be equal to the average power entering the 

pee (terminal bus). 
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Based on the above considerations and from the instantaneous power 
equation given in (3.31) of Chapter 3 we get 

(9.17) 

where ¢lvlal and ¢lIla I are the angles of the vectors Vial and ilUl respectively and 
PIaV is the average power entering the terminal bus. Note that in the above 
equation the zero sequence components of (3.3 1 ) is zero as VlaO is zero. From 
(9.17) we get 

d- -l( PtaI' 1 d-
'!'v/al = cos 21 II' I + '!'/I'al 

Vial lwl 

(9.18) 

We now define the desired instantaneous symmetrical components of the 
load voltages as 

(9.19) 

where ~n is the desired magnitude of the rms load voltage. Once the 
instantaneous symmetrical components are obtained from (9.19), we can 
construct the desired instantaneous voltages using inverse transform given in 
(3.29). These desired load voltages can then be used to obtain the reference 
DVR voltages using (9.2). 

Example 9.10: Let us consider the same system as given in Example 9.4 
in which we desire to regulate the load voltage at ..../2 per unit. The system 
response when the DVR reference voltages are generated using (9.19) is 
shown in Figure 9.19. In this the average power (PtaI') is obtained through a 
moving average filter. The DVR is connected at the end of the first half 
cycle once the first power average is obtained. It can be seen from Figure 
9.19 (a) that the load voltages are nearly balanced and have a peak of..../2 per 
unit. However the line currents are not balanced as shown in Figure 9.19 (b) 
and the DVR voltages are distorted as shown in Figure 9.19 (c). The DVR 
power is oscillating even though the mean of this oscillation is zero. This is 
shown in Figure 9.19 (d) 
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Figure 9.19. System performance on direct application of (9.19) 
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Since the source and load voltages are balanced and so are the feeder and 
load impedances, the DVR inserted voltages must be balanced and the 
compensator power must decay to zero after the initial transients. The reason 
for this behavioral pattern not being followed in Figure 9.19 is that the 
sudden connection of the DVR at the end of the first half cycle temporarily 
unbalances the line currents. This will force the load power to oscillate. Even 
though Ptav is equal to the average real load power, (9.17) is violated during 
this transient. Without any corrective mechanism, the DVR cannot be forced 
to correct this violation. This will lead to steady state distortion in its voltage 
and unbalance in currents. 

To alleviate this problem we must keep in mind that as the load is 
balanced, the load currents will contain the fundamental positive sequence 
only. The real power at the load terminal then depends only on the positive 
sequence of the load voltage and line current as required by (9.17). Thus at 
the point of the insertion of the DVR, the fundamental positive sequence of 
the line current must be used. Let us denote the fundamental of the 
instantaneous positive sequence current as i,alt. This can be directly 
computed from the samples as 

• _ JCV { 1 . -I'" { _. [ 
1;, 1 

lmlf - e To Jz,al e dt -Ilwlf 1L:¢/IOlf (9.20) 

The integral in (9.20) is evaluated by using a half cycle averaging 
through an MA filter. The term in the square brackets containing the integral 
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in (9.20) corresponds to the computation of the fundamental component 
using the complex Fourier transform. Therefore (9.20) will also reject 
harmonics in (,. Note that the algorithm (9.20) is the instantaneous 
symmetrical component version of (3 .56). We can then modify (9.18) as 

'" _ -I[ Ptav ) '" 
'!'vlal - cos 21 II' I + '!';sall 

vial I"all 

(9.21) 

We can then obtain the DVR algorithm using (9.20), (9.21), (9.19) and (9.2). 

Example 9.H: Let us consider the same system as given in Example 
9.10. The system response with the modified algorithm is shown in Figure 
9.20. It can be seen that the load voltages, line currents and DVR inserted 
voltages are also balanced. Also the DVR power becomes zero after the 
initial transient dies out. 

~~~ 

Example 9.12: Let us now consider the same unbalanced and distorted 
supply voltage as given in Example 9.6. The source voltages for this case are 
shown in Figure 9.16 (a). The DVR is connected to the system at the end of 
the first half cycle. The results are shown in Figure 9.21. It can be seen that 
both the load voltages and the line currents become balanced sinusoids as 
soon as the DVR is connected. The DVR power, shown in Figure 9.21 (d), 
exhibits the similar zero mean oscillation as given in Figure 9.16 (d). 
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(b) Line Currents (pu) 
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(e) DVR Voltages (pu) 
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Time(s) 

(d) Compensator Power (pu) 

~·:r·--;;-------"1 
N I 
~ 02! 
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-02 L .. -------
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Figure 9.20. System performance with modified reference generation scheme 
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Figure 9.21. System performance when the supply voltage is distorted 
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The instantaneous symmetrical component based algorithm can also be 
applied for DVR voltage insertion during a voltage sag and swell. These 
results are given in [8]. 

9.3 DVR Structure 

The examples in the previous sections assume that the series compensator 
is realized by ideal voltage sources. In this section we shall develop a DVR 
structure in which the voltage sources are realized by three voltage source 
inverters (VSls). This structure is similar to the DSTATCOM structure of 
Figure 8.1. In this section we shall study two different filter realizations. One 
of these two is shown in Figure 9.22. It can be seen just as in Figure 8.1, the 
three VSIs are connected to a common dc storage capacitor. In this figure 
each switch represents a power semiconductor device and an anti-parallel 
diode combination. Each VSI is connected to the network though a 
transformer and a capacitor filter (C/). The transformers not only reduce the 
voltage requirement of the inverters but also provide isolation between the 
inverters. This prevents the dc storage capacitor from being shorted through 
switches in different inverters. 

In the DVR structure of Figure 9.22, the capacitor filter is connected 
across the secondary of the transformer. This prevents switching frequency 
harmonics from entering the system. The main drawback of the system of 
Figure 9.22 is that the direct connection of VSI to the transformer primary 
results in losses in the transformer. The high frequency flux variation causes 
significant increase in transformer iron losses. To avoid this, a switch 
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frequency LC filter (LrCf) is placed in the transformer primary as shown in 
Figure 9.23 [9]. The secondary of the transformer is directly connected to the 
feeder. This will constrain the switch frequency harmonics to mainly in the 
primary side of the transformer. Either of the DVR realization can be 
controlled through output feedback [7] or state feedback [II]. We discuss 
these two realizations below. 

V/bl--+--+---. Vfh .-+-----r--,.,. 

Figure 9.22. DVR structurc with capacitor filter 

~ _ LOAD 

Cf 

Figure 9.23. DVR structure with LC tilter 

9.3.1 Output Feedback Control of DVR 

In this type of control, the square of the error between reference DVR 
voltage and actual DVR voltage is minimized to obtain a deadbeat control 
action. The single-phase equivalent circuit of the DVR with capacitor filter 
is shown in Figure 9.24. Here u·VJ( denotes the switched voltage generated 
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at the inverter output terminals, the inductance LT represents the leakage 
inductance of each transformer. The switching losses of the inverter and the 
copper loss of the connecting transformer are modeled by a resistance R r . 

Terminal 
Bus 

- Vf + 

Load 
Bus 

Figure 9.24. Single phase equivalent circuit of DVR with capacitor filter 

We can construct the state space model of the system from the equivalent 
circuit shown in Figure 9.24. Let us define a state vector as xT = [Vt iael. We 
then get the following state space model from Figure 9.24 

(9.22) 

The single-phase equivalent circuit of the DVR with the LC filter is 
shown in Figure 9.25. In this figure Li denotes the leakage inductance of 
each of the transformers and Rm denotes the switching losses of each 
inverter. The copper losses of the transformers are neglected here for 
simplicity. Note that these losses can be incorporated by a resistor in series 
with the inductor LT. Defining a state vector as xl' = [vct iac] , we get the 
following state space model from Figure 9.25 

The DVR voltage is given by 

di, 
v f = vef - LT -

dt 

(9.23) 

(9.24) 
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Terminal 
Bus 

_ Vej + 

C _---:L_ 
.",.- -- ...... 

( J 

~I 

Load 
Bus 

Figure 9.25. Single phase equivalent circuit of DVR with LC filter 

The state equation (9.22 or 9.23) is discretized to obtain 

x(k + 1) = Fx(k) + Gu(k) 

Chapter 9 

(9.25) 

Let us define the output by vy. It is equal to vI for (9.22) and equal to vel for 
(9.23). Defining the elements of matrix F as /" and the elements of matrix G 
as g" we can write 

(9.26) 

The minimization of the deadbeat performance index results in the following 
control law 

(9.27) 

where Vret is the instantaneous reference value of the DVR. Once Ue is 
obtained the control input u is obtained in the hysteresis band control 
discussed before. 

The switching band control scheme can be used only when the control 
variable u(k) is available. Again obtaining u(k) is dependent on the 
availability of the reference voltage Vret. The reference voltage for the DVR 
with the capacitor filter (Figure 9.24) is available in a straightforward 
manner from (9.13) since the output for this case is vI- This however is not 
true for the DVR with LC filter (Figure 9.25). We have to generate a 
reference voltage for Vet. 
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From Figure 9.25 we can write the phasor fundamental positive sequence 
component of terminal voltage as 

(9.28) 

Since the DVR must inject zero power, the voltage across the filter capacitor 
can be written as 

(9.29) 

where a] + jb] is a unit vector that leads the line current by 90°. We can then 
use the following expression for the line current 

(9.30) 

Now definingXr = wLr (9.28) can be written as 

(9.31 ) 

The above equation results in the following quadratic 

IVCflI2 -21v.1]I(XrII,I+a]I~I)+lvJ -1v:]1 2 +xilIJ 
(9.32) 

+ 2a]Xr lV;III,1 = 0 

The DVR voltage must not only supply the instantaneous positive sequence 
component of Vet but also the harmonic component ofvt • Therefore 

rest 
Vet = Ven - V t (9.33) 

Example 9.13: Let us consider the same system of Example 9.6 in which 
the source voltages are unbalanced and distorted. We assume that the DVR 
is supplied by a constant dc source with the value of Vdc being 0.6 per unit. 
The DVR parameters are given in Table 9.3. A hysteresis band of 0.05 per 
unit is chosen for the switching controller. The results with capacitor and LC 
filters are shown in Figures 9.26 and 9.27 respectively. In both these figures 
the terminal and load voltages, compensator power and tracking error of 
phase-a are shown. It can be seen that both these structures perform 
satisfactorily with the compensator power being zero mean in either case. 
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Table 9.3. DVR parameters 
With capacitor filter With LC filter 

Xr = I/mCr 4.0 per unit X,= I/mC, 4.0 per unit 
Xr = mLr 0.1 per unit 0.1 per unit 

0.05 per unit 0.025 per unit 
Rill 0.05 per unit 

(a) Terminal Voltages (pu) (b) Load Voltages (pu) 

2 2 

'"'""v 
Ie -2 

0.04 0.06 0 0.02 0.04 0.06 
(c) Compensator Power (pu) (d) Tracking Error (pu) 
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Figure 9.26. DVR under deadbeat control with capacitor filter 
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Figure 9.27. DVR under deadbeat control with LC filter 
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9.3.2 State Feedback Control ofDVR 

Let us first develop the state feedback controller with the system with 
capacitor filter. The single-phase equivalent circuit of the compensated 
system is shown in Figure 9.28. With respect to this figure, let us define the 
following state and input vectors 

t [ ] Z = V, ue 

The state space model of the system is then 

R+R, 
0 0 

L+L, L+ L, L+L, 

0 
Rt 1 

0 
Vile 

X= x+ -z 
LT Lt Lt 

(9.34 ) 

1 
0 0 0 

C, C, 

We shall now use a reduced order feedback in which we feedback only i2 
and v,. The feedback equation is then given by 

(9.35) 

where i2rej and vrejare the reference values of i2 and v, respectively . 

.... 

--------- ...... " L, 

~ - ---

Figure 9.28. Distribution system equivalent circuit of DVR with capacitor filter 
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Let us define the following upper and lower levels of switching band [7] 

Vup = Uc + h 

Vdn = U c - h 
(9.36) 

In (9.36) the hysteresis band (h) constrains the switching frequency. An H
bridge inverter is capable of supplying V,,,, 0, - ~Ic across its output. We 
refer to these as switch states + I, 0, - I respectively. This three-level 
switching control is selected according to Table 9.4. For the section where 
the desired DVR voltage Vrej is positive. the inverter is switched between ° 
and + I, while it is switched between ° and - I when Vrej is negative. 

Table 9.4. Three-level switching selection 

Conditions Switch Values (Il) 

In addition to the switching band control loop, an additional loop is 
required to correct the voltage in the dc storage capacitor against the losses 
in the inverter and transformer. Furthermore, as we have discussed before, 
the DVR has to supply real power during transients. All this may cause the 
capacitor voltage to fall. To correct these deviations, a small amount of real 
power must be drawn from the source to replenish the losses. To accomplish 
this we introduce a simple proportional-plus-integral (PI) controller to 
regulate the dc capacitor voltage around a reference value of ~Icrej. The PI 
controller is of the form 

(9.37) 

where e = Vdcrel- VdcGV , VdcGV being the average voltage of the capacitor over 
a complete cycle. The unit of Zc is radian and in steady state is indicative of 
the losses in the converter. 

We now modify (9.11) such that 

(9.38) 

As a result the quadratic (9.12) is modified to 
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(9.39) 

Under this condition, the phase difference between the line current and the 
DVR voltage differs slightly from 90°. The following example demonstrates 
the theoretical limits of the DVR operation. 

Example 9.14: Consider the load and feeder impedances are same as 
given in Example 9.l. They are supplied by a set of balanced voltages with a 
peak value of ...J2 per unit. It is assumed that all system parameters are 
referred to the feeder side of the transformers. The system parameters are the 
same as given in Example 9.13 (Table 9.3). The LQR control design used in 
Chapter 8 is used here. The LQR gain matrix is generated using 
Q = diag(O 1 20) and r = 0.1, where diag denotes a diagonal matrix. For the 
above system parameters we get K = [- 4.07 4.47 13.04]. We now use a 
reduced order feedback in which the source current is neglected. It is to be 
noted that the DVR reference voltage v/ is obtained from the reference 
voltage generation scheme. However, there exists no such mechanism for the 
generation of the current reference i2•. It is therefore taken as O. The 
capacitor and the capacitor control loop parameters are given in per unit by 

Vdcret =0.6, Xdc =1/wCdc =0.1326, K}, ==1 and K} =10 

The dc capacitor is precharged to 0.6 per unit and the DVR is connected 
at the end of the first half cycle. A hysteresis band (9.36) of 0.05 per unit is 
chosen. The PI controller is started from rest. The results are shown in 
Figure 9.29. It can be seen that the controller settles in 10 cycles (0.2 s). The 
excursion in the capacitor voltage is withi~ 0.05 per unit and it also settles 
within 0.1 s. The load voltages are balanced sinusoids. 

Let us now assume that the system is operating in steady state for one 
cycle (20 ms) with capacitor voltage feedback when the peak of the source 
voltages is suddenly reduced to 0.4x...J2 per unit. As a result of this, the 
terminal voltage drops to a level such that it is impossible to regulate the 
load voltage at 1.0 per unit. To operate the DVR under this condition, we 
must modify the conditions given in (9.14) and (9.15) since the limiting 
value is now obtained from the quadratic (9.39). This limiting value is 

(9.40) 
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Figure 9.29. DVR performance with state feedback and dc capacitor control loop 

and the DVR voltage under the limiting condition is 

(9.41 ) 

The system response is shown in Figure 9.30 in which the terminal 
voltages and the load voltages are shown in (a) and (b) respectively. The 
maximum possible load voltage is calculated based on the Fourier extraction 
of the line current and terminal voltage. As mentioned before this extraction 
depends on the half cycle averaging and this averaging process is 
continuously running. The load voltage limit, shown in Figure 9.30 (c), thus 
varies continuously till the system oscillations die out. It has a value of 1.0 
per unit before the transient. The dc capacitor response voltage is shown in 
Figure 9.30 (d). 

Let us now consider the following example that demonstrates the 
practical limit. As we have seen before that the practical limit on the target 
load voltage is usually put by the DVR itself. It will be clear from the 
following example that the storage device limits the operation of the DVR. 

Example 9.15: Consider the system parameters as in Example 9.14. With 
the system in steady state, the peak of the phase-c of the source voltage 
suddenly sags to 0.2 per unit at the end of the 1 st cycle. It however is restored 
to ~2 per unit at the end of the 3rd cycle through clearing of the fault. The 
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system response is shown in Figure 9.31. The terminal and load voltages are 
shown in Figure 9.31 (a) and (b) respectively. It can be seen that the DVR 
fails to maintain the load voltage at -V2 per unit during the transient. 
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Figure 9.30. Performance of DVR when all phases dip 

There are two reasons behind this behavior. The first one is due to the 
reduction in the target load voltage as per (9.40). The second one is the 
saturation of the inverter voltage due to the inability of the dc storage 
capacitor to supply the required voltage. This is shown in Figure 9.31 ( c) 
where the desired DVR voltage of phase-c (VIc·) is given by dashed line and 
the actual DVR voltage (VIc) is shown by solid line. The dc capacitor 
behavior is shown in Figure 9 .31 (d). It can be seen that capacitor charges 
momentarily before discharging to supply the drop in the faulted phase. If 
the drop is maintained, the capacitor loop PI control action will restore the 
capacitor voltage to its nominal value with a time constant of 0.15 sec. 

For the DVR with LC filter, the transformer inductance (L,) is placed in 
series with the load inductance (LI). Therefore the state space representation 
remains the same except that the parameters of the state matrices are 
changed. Therefore the state feedback control equation will also remain the 
same except that in this case the reference is the voltage across the capacitor 
CI rather than the DVR reference voltage itself. This reference voltage can be 
calculated using (9.32) and (9.33). Additionally the capacitor voltage 
feedback loop can also be added to the above equations using the same 
procedure discussed above. 
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Figure 9.31. Performance of DVR when one phase sags 

9.4 Voltage Restoration 

Chapter 9 

So far our discussion was focused on voltage regulation and restoration 
using a series compensator that ideally requires no real power in the steady 
state. In this configuration the series compensator is kept on-line all the time 
to maintain voltage at the load terminals. It has been shown that the series 
compensator, which is supplied from a dc storage capacitor, ordinarily needs 
real power to replenish any losses in the converter circuit. It also needs real 
power to ride over any transient. However, as we have demonstrated, this 
power can be drawn from the source through feedback control of capacitor 
voltage. 

The series compensator can also be used in an alternate form in which it 
comes on line only when there is a voltage sag. Otherwise it stays inactive. 
Consider the phasor diagram of Figure 9.32 (a). This represents the steady 
state operation of the circuit when the series compensator acts as a voltage 
restorer only. The supply voltage during the steady state operation is V/'/d 
and it leads the load voltage by an angle 5o/d . Now suppose a fault reduces 
the supply voltage to V,new that leads the load voltage by an angle 5new. The 
series compensator then must inject a voltage such that the vector sum of 
load voltage and line drop remains unchanged and equal to V,o/d. This is 
shown in Figure 9.32 (b). 

The phasor diagram shown in Figure 9.32 (a) is only to illustrate the 
restoration behavior for transient control of sudden voltage dip. Since we can 
only use the local measurements, neither the source voltage nor the feeder 
impedance can be used for series compensator control. The voltage 
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restoration function however is very straightforward. The series compensator 
voltage is obtained from the following equation 

(9.42) 

where V/l is the measured prefaulted voltage at the load terminal. It is to be 
noted that voltage restoration using (9.42) implies real power exchange 
during any transient. A series compensator that is supplied by a dc storage 
rather than a dc capacitor can easily accomplish that. Dynamic voltage 
compensation using high speed flywheel energy storage system (FESS) has 
been reported in [11]. Alternatively, as we have discussed before, the dc link 
capacitor can be supplied from a rectifier. 

(a) (b) 

Figure 9.32. Phasor diagram of series operation: (a) steady state operation and (b) transient 
voltage restoration 

Example 9.16: Let us consider the same system as Example 9.1. When 
the system operates in the nominal steady state, the peak of the terminal 
voltage and load voltage is 1.2964 per unit. A fault occurs that reduces the 
peak of the supply voltage to 0.6 per unit from ..)2 per unit at the end of the 
1 sl cycle. The supply voltage is restored to its nominal steady state value at 
the end of 3rd cycle. During the voltage sag the series compensator must 
inject a voltage such that the load voltage is held at the prefaulted level 
without any jump in the phase angle. The magnitude and phase of the 
prefaulted voltage are obtained through the fundamental extraction algorithm 
discussed before. The system response is shown in Figure 9.33. It can be 
seen that apart from spikes at the beginning and at the end of the transient 
the load voltage remains at constant peak throughout. The real power 
absorbed by the compensator is shown in Figure 9.33 (d). Since, for 
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operation in the nominal steady state, the voltage injection requirement is 
zero, the real power requirement is also zero. However, during the transient 
the compensator consumes power to maintain the load voltage. 
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Figure 9.33. Transient voltage restoration using DVR 

9.5 Series Active Filter 

A series compensator, which injects a voltage in series, can also act as a 
series active filter to isolate the source from harmonics generated by loads. 
Consider the distribution system shown in Figure 9 J. If the load is 
unbalanced, then by injecting a voltage in series we shall be able to correct 
this unbalance at the PCC (terminal bus). 

Example 9.17: Consider a three-phase, four-wire distribution system that 
is supplied by a balanced voltage with a peak value of "1/2 per unit. It supplies 
an unbalanced load at the end of a balanced feeder. The feeder impedance is 
0.05 + JOJ per unit and the load parameters in per unit are 

Zia ::: 2 + jI.S, Zlh ::: 2.55 + jI.2S and Z/c ::: 1+ jl.2 

We shall correct this unbalance through a series compensator. To 
accomplish this we assume that a bidirectional converter that can inject or 
absorb power supplies the series compensator. We use a very simplified 
algorithm to correct the voltage. We first compute the fundamental positive 
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sequence of the load voltage and then stipulate that the series compensator 
injects voltages such that the terminal bus voltage is equal to this voltage. 

The results are shown in Figure 9.34. In this we have connected the 
converter at the end of the first cycle (0.02 s). It can be seen that both the 
terminal voltages and source currents become balanced, but the load voltage 
remains unbalanced. Also the power entering the terminal becomes constant. 
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Figure 9.34. Load balancing using series compensator 

L'lL'lL'l 

Now suppose in addition to the unbalance, the load also draws harmonic 
currents. We must then provide a path for this harmonic current to flow. This 
can be accomplished by connecting a shunt capacitor at the load terminal. 
This will provide a path for the load harmonic current to flow such that the 
nonlinear current does not flow through the source. The series compensator 
then will be able to balance the voltages of the terminal bus and, as a 
consequence, the source currents will also be balanced. Let us consider the 
following example. 

Example 9.18: Let us consider the same system as given in Example 
9.17. In this case we have assumed that the load also contains a converter 
that draws a squarewave current with a peak of 0.35 per unit. The reactance 
value of the shunt capacitor is 7.0 per unit. We follow the same principle for 
the series compensator control, i.e., find the fundamental positive sequence 
of the load voltage first and then make the compensator inject a voltage such 
that the terminal voltage is equal to this voltage. The results are shown in 
Figure 9.35 in which the compensator is connected at the end of the first 
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cycle. Note that before the compensator is connected at 0.02 s, the terminal 
voltage is equal to the load voltage. It can be seen that form Figure 9.35 (b) 
that the load voltage is badly distorted before the connection of the 
compensator. However, once the compensator is connected, the terminal 
voltage and load current get balanced. Also the power entering the terminal 
also becomes constant. However the compensator power does not have mean 
of zero. This means that the compensator must be capable of either 
supplying or absorbing power. The load voltage however remains 
unbalanced and distorted. Note that in this figure a uniform time axis for all 
the plots are not chosen as all quantities have different settling time. 
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Figure 9.35. Load balancing and harmonic compensation using a series device and a shunt 
capacitor filter 

The above example shows that the series compensator, when used with a 
shunt capacitor, can clean up the source current and the terminal voltage. 
The load voltage however still remains unbalanced and distorted with the 
distortion level being unacceptable. To alleviate this problem, we can 
connect tuned filters at the load terminals. The per phase equivalent circuit 
of the series active and shunt passive filter is shown in Figure 9.36. In this 
figure, the feeder impedance is denoted by R + jx. The shunt capacitor filter 
is denoted by C1 and the load impedance is denoted by Z,. We can use a set 
oftuned filter banks to eliminate the lower order harmonics. 

Example 9.19: Let us consider the same system as given in Example 
9.18. We now compensate the system with both shunt filter capacitor and 
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tuned filters as shown in Figure 9.36. Three different tuned filters are used to 
eliminate the 3rd, 5th and 7th harmonics. The results are shown in Figure 9.37. 
It can be seen from Figure 9.3 7 (b) that prior to the connection of the series 
active filter at 0.02 s, the tuned filters have sufficiently managed to eliminate 
the harmonic components of the load voltage. However with the connection 
of the series compensator both terminal voltage and source currents get 
balanced. The load voltage now contains significantly fewer amounts of 
harmonics. However this voltage now has both magnitude and phase 
unbalance. 

Tuned Filter 

Figure 9.36. Schematic diagram of series active and shunt passive filter compensated system 

(a) Load Voltages (pu) 

2 

-2 
0.1 0.11 0.12 

(c) Source Currents (pu) 
2,---------~ 

0.05 
Time(s) 

0.1 

(b) Terminal Voltages (pu) 

2 

o ·p~\F ... '\rI\' ;j·.;:J,t 
-10 0.05 0.1 

Time(s) 

Figure 9.37. Compensation characteristics series active and shunt passive filter combination 
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The concept of using a combination of series active and shunt passive 
filters has been proposed in [12]. In [13] its transient characteristics and 
system stability are discussed. This scheme has been refined further to put a 
set of shunt passive filters and a series filter that is connected in series with 
the shunt filters [14,15]. The passive filter improves the harmonic 
characteristics of the load voltage and the active filter improves the filtering 
characteristics of the tuned filters. The advantage with this scheme is that the 
size of the active filter used is much smaller as compared to the active filter 
that is connected in series with the feeder. A review of the various filtering 
schemes is presented in [16]. In [17] a series compensator is discussed for 
the correction of both supply side unbalance and voltage regulation. 

9.6 Conclusions 

In this chapter we have presented a systematic study of a dynamic 
voltage restorer that can tightly regulate voltage at the load terminals against 
any variation in the supply side voltage. It has been shown that the DVR can 
get a dc voltage support externally or it can operate through a dc capacitor in 
which it consumes no real power in the steady state. The capability of the 
device is clearly demonstrated through steady state analysis. Based on this 
analysis, a number of options to obtain the time varying DVR reference 
voltages are formulated. Finally a suitable topology to realize the DVR by 
voltage source inverters (VSIs) is also discussed. All discussions are 
supplemented by simulation results using MATLAB. As shown in this 
chapter that a DVR is a voltage regulator, voltage restorer and voltage 
conditioner - all put into one. 

In addition it has been shown that through a combination of tuned filter 
and series voltage injection, supply side harmonics can also be eliminated. 
We have however only demonstrated the operating principle of this 
combination. The topics such as the control of this combination and the 
reference series compensator voltage generation are not discussed here. 
Some of these topics are discussed in [12,13]. 
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Chapter 10 

Unified Power Quality Conditioner 

A unified power quality conditioner (UPQC) is a device that is similar in 
construction to a unified power flow conditioner (UPFC) [1]. The UPQC, 
like a UPFC, employs two voltage source inverters (VSIs) that are connected 
to a common dc energy storage capacitor. One of these two VSls is 
connected in series with the ac line while the other is connected in shunt 
with the same line. A UPFC is employed in a power transmission system to 
perform shunt and series compensation at the same time. Similarly a UPQC 
can also perform both the tasks in a power distribution system. However, at 
this point the similarities in the operating principles of these two devices 
end. Since a power transmission line generally operates in a balanced, 
distortion (harmonic) free environment, a UPFC must only provide balanced 
shunt or series compensation. A power distribution system, on the other 
hand, may contain unbalance, distortion and even de components. Therefore 
a UPQC mustoperate under this environment while providing shunt or series 
compensation. 

The UPQC is a relatively new device and not much work has been 
reported on it yet. It has been viewed as a combination of series and shunt 
active filters in [2,3]. In [3] it has been shown that it can be used to attenuate 
current harmonics by inserting a series voltage proportional to the line 
current. Alternatively, the inserted series voltage is added to the voltage at 
the point of common coupling such that the device can provide a buffer to 
eliminate any voltage dip or flicker. It is also possible to operate it as a 
combination of these two modes. In either case, the shunt device is used for 
providing a path for the real power to flow to aid the operation of the series 
connected VSI. Also included in this structure is a shunt passive filter to 
which all the relatively low frequency harmonics are directed. Experimental 
results with a relatively stiff voltage source are also provided in [3]. 

A. Ghosh et al., Power  Quality  Enhancement Using  Custom Power  Devices

© Kluwer Academic Publishers 2002



380 Chapter 10 

In this chapter we shall demonstrate that a UPQC combines the 
operations of a DST A TCOM and a DVR together. The series component of 
the UPQC inserts voltage so as to maintain the voltage at the load terminals 
balanced and free of distortion. Simultaneously, the shunt component of the 
UPQC injects current in the ac system such that the currents entering the bus 
to which the UPQC is connected are balanced sinusoids. Both these 
objectives must be met irrespective of unbalance or distortion in either 
source or load side. In addition, we shall prefer to operate both the series and 
shunt compensators such that they do not supply or absorb any real power 
from the ac system during the steady state. 

10.1 UPQC Configurations 

Let us first assume that the combination of an ideal series voltage source 
and an ideal shunt current source represents the UPQC. There are two 
possible ways of connecting this device at the point of common coupling 
(PCC). The single-line diagrams of these two schemes are shown in Figures 
10.1 and 10.2. In these figures the voltage at the PCC is referred to as the 
terminal voltage VI' The load voltage, load current and source current are 
denoted by V" i, and i l respectively. The voltage and current injected by the 
UPQC are denoted by V" and it respectively. The source voltage is denoted 
by vs, while Rand L constitute the feeder impedance. We shall restrict our 
discussions to three-phase, four-wire systems only. 

+ 
V.I J' 

Figure 1 (}J The right-shunt UPQC compensation configuration 

Let us assume that both the source' voltages and load currents are 
unbalanced and distorted. We stipulate that the UPQC shall perform the 
following two functions 
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- Convert the feeder (source) current UJ to balanced sinusoids through the 
shunt compensator. 
Convert the load voltage (VI) to balanced sinusoids through the senes 
compensator and also regulate it to a desired value. 

This can be achieved by employing either of the two configurations 
shown in Figures 10.1 and 10.2. They are termed as right-shunt and left
shunt respectively depending on the placement of the shunt compensator vis
a-vis the series compensator. We shall discuss the characteristics of these 
two configurations separately. 

+ 
v, 

Figure 10.2. The left-shunt UPQC compensation configuration 

10.2 Right-Shunt UPQC Characteristics 

In this section we shall present the operating characteristics of the right
shunt UPQC. For all the subsequent discussions, the following notations will 
be used. 

- The instantaneous quantities will be denoted by the lower case letters 
(e.g. v) and the upper case letters (e.g. V) will denote the phasor 
quantities. 

- The subscripts a, band c will denote the three phases. 
- The subscripts 0, 1 and 2 will denote the zero, positive and negative 

sequences respectively. 

We shall now characterize the operation of the UPQC through the voltage 
and current that it injects into the ac system. Let us first assume that the load 
and source are unbalanced but not distorted (harmonic-free). 
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In the right-shunt structure of Figure 10.1, we note that VI + Vel = VI. Now 
if the source voltage is unbalanced, the terminal voltage will also be 
unbalanced. Therefore to obtain a balanced voltage at the load terminal, Vel 

must cancel out the unbalance in the terminal voltage. From this condition 
we get 

(10.1) 

The above condition stipulates that V/ is strictly positive sequence. Let us 
assume that the magnitude of the positive sequence voltage is 1V1l1. Note that 
the angle ofthis voltage will depend on the power factor of the load. 

We shall now generate the injected positive sequence voltage such that 
the series compensator does not require any positive sequence power. 
Observe that the current flowing through the series compensator is the 
source current i.l • We then must inject a positive sequence voltage that has 
phase difference of 90° with I,I. This yields the following equation 

(10.2) 

where al + jb l is a unit vector that is 90° to 1\1. Assuming VII = IV/IILO°, 
(10.2) results in the following quadratic that is similar to the one derived for 
the DVR in Chapter 9 

(10.3) 

As in the case of the DVR, if the desired voltage level IVIII is achievable, the 
quadratic of (10.3) has two positive real solutions of IVdd. It is needless to 
say that the minimum of these two solutions will be chosen, as this will 
require less effort by the UPQC. 

For shunt current injection, we can see from Figure 10.1 that by applying 
KCL at point F we get i.1 + if = i/o Therefore the shunt compensator must 
inject current to cancel the zero and negative sequences of the load current. 
Thus we get 

110 = 1/0 1/1 = 0 1(2 = 1/2 (lOA) 

This will ensure that a purely positive sequence current equal to the positive 
sequence load current 1/1 flows from the source. Therefore through (10.1) to 
(1004), both unbalances in the source voltages and load currents are 
cancelled by the right-shunt UPQC. 
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Note from Figure 10.1 that if the compensation is perfect, a purely 
positive sequence current (1,1) will flow through the series compensator. 
Since the positive sequence injected voltage (Veil) is in quadrature with this 
current as per (10.2), the positive sequence power consumed by the series 
compensator will be zero. Moreover since the current through the series 
compensator is strictly positive sequence, the negative and zero sequence 
power consumed by it will also be zero. Therefore the average power 
consumed by the series compensator is zero. Again since the load voltage is 
strictly positive sequence and shunt current source does not inject any 
positive sequence current, the average power injected by the shunt 
compensator is also zero. We can therefore conclude that the right-shunt 
UPQC does not inject or absorb any power. 

It is to be noted that the algorithm given in (10.1) to (10.4) requires the 
phasor measurements. For this we shall use the on-line fundamental 
sequence component extraction algorithm given in Chapter 3. The following 
example illustrates the working principles of the right-shunt UPQC. 

Example 10.1: Let us consider a three-phase, four-wire distribution 
system that is supplied by an unbalanced source. The instantaneous source 
voltages are given in per unit by 

V,a:::: -fi sin(100Jrt) 

Vsb :::: -fi X 1.2Sin(100Jrt _120 0

) 

V,C ::::.J2 X 0.85 sin( 1 OOJrt + 1200 
) 

It supplies an unbalanced Y -connected load through a balanced feeder with 
an impedance of 0.05 + )0.3 per unit per phase. The load is a parallel 
combination of a balanced Y -connected resistive load and an unbalanced Y
connected RL load. The value of resistive load is 10 per unit per phase and 
the impedances of the unbalanced load are 1.999 + )1.5001 per unit, 2.5479 
+ )1.252 per unit and 0.9991 + )2.99901 per unit for phases a, band c 
respectively. 

The UPQC is connected at the end of the first half cycle (10 ms) after the 
fundamental quantities are obtained. An ideal voltage source and an ideal 
current source as shown in Figure 10.1 represent the UPQC. The results are 
shown in Figure 10.3. The terminal voltages and the load currents are shown 
in Figure 10.3 (a) and (b) respectively. It can be seen that they are 
unbalanced before and after the UPQC is connected. The load voltages and 
source currents are shown in Figure 10.3 (c) and (d) respectively. It can be 
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seen that they become balanced within a cycle of the connection of the 
UPQC to the ac system. 
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Figure 10.3. System voltages and currents with right-shunt UPQC 

The instantaneous powers are shown in Figure 10.4. The terminal power 
(PI) and the load power (PI) are shown in Figure 10.4 (a) and (b) respectively. 
The power through the series compensator (Pd) and the shunt compensator 
(PI) are shown in Figure 10.4 (c). To investigate the behavior of these powers 
closely, their running averages with a window of 10 ms (half a cycle) are 
calculated. These are shown in Figure 10.4 (d). In these running averages, 
the first values are obtained after the first half cycle. It can be seen that the 
averages of the load and terminal powers become equal in the steady state 
and the average powers through the series and shunt compensators become 
zero. We can therefore conclude that the algorithm based on (10.1) to (10.4) 
makes the UPQC operate in the zero power injection/absorption mode. 

Figure 10.5 shows the instantaneous reactive powers in various parts of 
the circuit. The reactive powers are computed using the relations (3.21) and 
(3.23) given in Chapter 3. It can be seen that the sum of the terminal reactive 
power (q/) and the series compensator reactive power (qd) becomes constant 
in the steady state with a mean equal to the mean of the reactive power 
requirement of the load (q,). The mean of the shunt compensator reactive 
power (qr) is zero. Since the shunt compensator only cancels the unbalance 
in the load current, it only provides the oscillating component of the load 
reactive power, while the mean of the load reactive power is supplied by the 
combination of the terminal and series compensator. 
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Figure 10.4. Instantaneous and average powers with right-shunt UPQC 
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Figure 10.5. Instantaneous reactive powers with right-shunt UPQC 

385 

To make the shunt compensator to share a part of the load reactive 
power, we have to modify (l0.4) while keeping in mind that the shunt 
compensator also must cancel the zero and negative sequence of the load 
current. We therefore get 

(l0.5) 
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Equation (10.5) ensures that the shunt compensator supplies the 
oscillating reactive component of the load reactive power. We can therefore 
distribute the average component of the load reactive power between the 
shunt compensator and that supplied by the terminal and series compensator 
combined. However whatever may be the reactive power injection by the 
shunt compensator, it must be ensured that the power through the shunt 
compensator is zero. Since the average values of both the active and reactive 
power through the shunt compensator depends only on the positive sequence 
current, we get 

I VII I!IfI ! cos () = 0 

IVllliIfI! sin () = fJ X qlav 

(10.6) 

where () is the angle between VII and If], fJ is a scalar that defines how much 
reactive power must be supplied by the shunt compensator and qlav is the 
average of the instantaneous load reactive power. Note that the first part of 
(10.6) is satisfied for () = ± 90° as I VII I and 11/1 I are non-zero. Then for 
inductive loads, i.e., when qlal' is negative, the angle of the positive sequence 
current 1/1 must lag VII by 90° to satisfy the second part of (10.6). The 
magnitude of I f1 will then be given by 

II l=fJJid /1 1V;11 
(10.7) 

The following example demonstrates the reactive power sharing. 

Example 10.2: Let us consider the same system as given in Example 
10.1. The results for fJ = 0 are shown in Figures 10.3 to 10.5. Let us now 
choose fJ to be equal to 1. The results are shown in Figure 10.6 in which the 
compensator is connected after 10 ms. It can be seen that both the load 
voltages and the source currents become balanced sinusoids within about 
one and a half cycle. The load and terminal average powers become equal in 
the steady state and, as a consequence, the power injected by the UPQC 
becomes zero. The reactive powers are shown in Figure 10.6 (d). Since fJ is 
equal to one, the shunt compensator must supply the entire reactive power 
(average plus mandatory oscillating components) of the load. This is evident 
from Figure 10.6 (d) where the traces of ql and qf coincide. It can be seen 
that the shunt compensator forces power factor of the source current to be 
unity at the load terminal as the sum of the terminal reactive power and the 
series compensator reactive power is zero. Note that these two components 
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(q/ and qd) are not individually zero but they cancel each other to arrive at the 
zero reactive power for fJ = l. In Figure 10.6 (b) along with the source 
currents, scaled version of the phase-a load voltage (Vila = Vial 1. 5) is plotted 
to show that the source currents are in phase with the load voltage. This also 
indicates a unity power factor operation. 
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Figure 10.6 System response with right-shunt UPQC with shunt reactive injection for fJ= I 

Figure 10.7 depicts the system reactive powers for two different values of 
fJ, namely fJ= 0.5 and fJ= - 0.5. From Figure 10.7 (a), it can be seen that the 
reactive power at the load terminal (qt + qJ) is equal to the average of the 
reactive power supplied by the shunt compensator (qt) for fJ = 0.5. This 
means that the average reactive power required by the load is shared equally 
by the shunt compensator and the terminal and series compensator 
combination. The reactive powers entering the terminal and series 
compensator are shown in Figure 10.7 (b). It can be seen that their 
oscillating components cancel each other. The results for fJ = - 0.5 are 
shown in Figure 10.7 (c and d). The shunt compensator now supplies 
positive reactive power. To offset this the reactive power at the load terminal 
(i.e., combination of terminal and series, qt + qJ) becomes more negative 
than the load reactive power. This means that the source current now leads 
the load voltage. Obviously this will force the source to supply more reactive 
power than required by the load, the balance being absorbed by the shunt 
compensator. 
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Figure 10.7. Instantaneous reactive powers for two different values of fJ 

10.3 Left-Shunt UPQC Characteristics 

Let us now consider the left-shunt UPQC shown in Figure 10.2. Like the 
right-shunt structure, this must also cancel the unbalance in the terminal 
voltage. Therefore we get the following equation that guarantees V, is strictly 
positive sequence. 

(10.8) 

To generate the injected posItIve sequence voltage, we note that the 
current flowing through the series compensator is the load current (i,) and 
not the source current (i.1.) like in the case of the right-shunt structure. We 
shall then inject a positive sequence voltage that has phase difference of 900 

with Ill. This yields the following equation 

(10.9) 

where a2 + jb2 is a unit vector that is 900 to 111. Assuming VII = IVIIILO°, 
(10.9) results in a quadratic that is similar to the one given in (10.3). This is 
given by 

(10.10) 
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To generate reference current through the shunt compensator, it must be 
ensured that the positive sequence power through the compensator is zero. 
Furthermore, if a scalar multiple r defines the fraction of the load reactive 
power that can be supplied by the positive sequence reactive power of the 
shunt compensator, we get the foHowing relations 

IV:II!Ifllcos¢ = 0 

IV:I IIIfllsin ¢ = r x q'av 
(10.11) 

where ¢ is the angle between VII and It I and should be ±90°. The reference 
sequence currents of the shunt compensator are then given by 

(10.12) 

The following example illustrates the working principles of the left-shunt 
UPQC. 

Example 10.3: Let us consider the same system of Examples 10.1 and 
10.2. The UPQC is connected at the end of the first halfcyc1e (10 ms). For 
this we have chosen a rof l. The results are shown in Figures 10.8 and 10.9. 
Figure 10.8 shows the load voltages and the source currents. It can be seen 
that they are balanced sinusoids. The average active powers and the 
instantaneous reactive powers are shown in Figure 10.9. It can be seen that 
the average terminal active power becomes equal to the average load active 
power (Figure 10.9 a). However the average powers through shunt and series 
compensators are not zero. As can be seen from Figure 10.9 (b) thatpdav has 
a negative steady state value while Ptav has a positive steady state value. But 
their net effect is zero. This implies that there is a real power exchange 
between these two compensators. Since the value of r is chosen as 1, the 
mean of qf is equal to the mean of q" but they may not be identical in the 
steady state. This is evident from Figure 1 0.9 (c). The sum ql + qd is neither 
constant nor has a mean of zero. 

We have thus seen that unlike the right-shunt UPQC, the left-shunt 
UPQC does not operate in the zero power injection/absorption mode. 
Equations (10.9) and (10.11) only guarantee that the positive sequence 
powers through the series and shunt compensators are zero. However since i, 
is unbalanced and so is Vel, there will be negative and zero sequence powers 
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through the series compensator. Similarly due to the presence of negative 
and zero sequence components in the terminal voltage VI and shunt 
compensator current it; the power through the shunt compensator is not zero. 
However as seen from Figure 10.9 (a and b), the averages of these two 
powers cancel each other such that the average load power is equal to that 
supplied by the terminal. 
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Figure 10.8. Load voltages and source currents with left-shunt UPQC 
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Figure 10.9. Average active and instantaneous reactive powers with left-shunt UPQC 
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Comparing the characteristics of these two structures we can conclude 
the following. 

- The right-shunt UPQC operates in a zero power injection/absorption 
mode, while the left-shunt UPQC cannot operate in this mode. 

- The right-shunt UPQC can make the power factor unity at the load 
terminal, while the power factor at the load terminal depends on the load 
for the left-shunt UPQC. 

- The shunt compensator in the right-shunt UPQC can supply the entire 
requirement of the reactive power by the load whereas the shunt 
compensator in the left-shunt UPQC can only supply the mean of the 
load reactive power. 

Overall the characteristics of the right-shunt UPQC are superior to those of 
the left-shunt UPQC. 

10.4 Structure and Control of Right-Shunt UPQC 

So far we have discussed the characteristics of the two UPQCs using 
ideal models. In this section we shall present the structure and control of the 
right-shunt UPQC. 

10.4.1 Right-shunt UPQC Structure 

As mentioned earlier this device is built around two voltage source 
inverters that are supplied by a common de storage capacitor. Also the VSIs 
must be able to inject unbalanced voltages and currents. Therefore we have 
chosen a structure that consists of six H-bridge inverters and six single-phase 
isolating transformers. The schematic diagram of the right shunt structure is 
shown in Figure 10.10. 

In the right-shunt UPQC structure, the outputs of the VSls realizing the 
shunt compensator are directly connected to three single-phase transformers. 
The secondary terminals of these transformers are connected in Y, with the 
neutral point being connected to the load neutral. The phase sides of the 
secondary terminals are connected in shunt with the distribution feeder. 
Three filter capacitors, one for each phase, are also connected in shunt to 
provide paths for the switching frequency harmonics generated by the three 
VSIs. Three LC filters are connected at the three output terminals of the 
three VSls realizing the series compensator. The secondary terminals of the 
three single-phase transformers are then connected to inject voltages in 
series with the distribution feeder. The LC filters are used to bypass the 
switching frequency harmonics. 
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Figure J 0.10. Schematic diagram of a right-shunt UPQC 

10.4.2 Right-Shunt UPQC Control 

The single-phase equivalent circuit of the right-shunt UPQC is shown in 
Figure 10.11. In this figure Rand L indicate the feeder parameters. The load 
is denoted by R/ and L/. The LC filter across the series inverter is represented 
by Ld and Cd, while the resistance Rd represents the inverter losses. The 
inductance LT denotes the leakage inductance of the transformers connected 
in series. The leakage inductance of the shunt transformer is denoted by Lt 

while the resistance Rj represents losses. The shunt filter capacitor is denoted 
by Cf; Note that the voltage at the load terminal is the voltage across this 
filter capacitor. The series injected voltage Vd is as indicated in Figure 10.11, 
while the voltage Vsd is the voltage across the capacitor Cd. Note that both the 
series and shunt inverters are supplied by a common capacitor. The voltage 
across this capacitor is denoted by Vdc. The switched voltages across the 
series and shunt inverter output terminals are then denoted by Vdc.UI and 
Vdc .U2 respectively. 

In right-shunt UPQC structure of Figure 10.10, the tracking control 
stability problem is avoided through the choice of LC filter for the series 
inverter and capacitor filter for the shunt inverter. Consider the equivalent 
circuit of Figure 10.11. Instead of the LC filter, had we used a capacitor 
filter, the inductance LT will be zero as the transformer leakage inductance 
will then be in series with the series inverter. However a feedback control is 
required to track the voltages across both the capacitors. Note from Figure 
10.11 that in the absence of LT tracking voltage V/ by the shunt compensator 
will make the tracking voltage Vd across the series compensator redundant 
and vice versa. If we now force the two inverters to track the voltages across 
their respective capacitors, the stability problem will arise as one controller 
will interfere with the tracking performance of the other. Therefore to avoid 
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the tracking problem the LC filter structure for the series inverter is more 
suitable for the right-shunt UPQC. Also the LC filter restricts the switching 
frequency harmonics in the primary of the transformer connected to it. 

R 

............ 
Rf 

VI 
~ _ _ C'!... _vi __ 

+ + 
J' V, VI .... ......... C 

..... il ....... / 

". ~ ......................... 

Figure 10.11. Single-phase equivalent circuit of right-shunt UPQC 

To derive a state space model of the system of Figure 10.11, notice that 
the circuit of contains six state variables - four loop currents and two 
capacitor voltages. We can then define the following state vector 

T [. 
X = 11 (10.13) 

The circuit of Figure 10.11 also contains three forcing functions - the source 
voltage v, and switching variables Ul and U2. Let us replace Ul and U2 by the 
continuous-time variables Ucl and Uc2 respectively and define the following 
control vector 

(10.14) 

The state space equation of the system is then given by 

(10.15) 

where the matrices A and Bl and B2 are given by 
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R 
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L + L] L + L) L + L) 
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Rd 

0 0 
1 
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Ld Ld 

0 0 
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A= LI L f 

0 0 0 
R, 

0 
1 

L, L, 

0 0 0 0 
Cd Cd 
1 

0 0 0 
C I C I C I 

0 0 
Vde 

0 L + Lr 
Ld 

0 
0 

Vde 
B] = L f B2 = 0 

0 0 0 

0 0 0 

0 0 0 

We now have to formulate a state feedback control system to obtain the 
switching variables. Note that the state variables can be written in terms of 
the network parameters as follows 

i, = i] 

i, = i4 

it = i4 - i] 

ief = i] - i3 - i4 

(·d = i2 - i] 

(10.16) 

where iet and jed are the charging currents through the capacitors Ct and Cd 
respectively. We now define a transformed state vector z and relate with the 
state vector x using ( 1 O. 16) as 
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if -1 0 0 0 0 

iet 0 -1 -I 0 0 

VI 0 0 0 0 0 1 
Z== == x==Px 

ied -1 1 0 0 0 0 
(l0.17) 

V,od 0 0 0 0 1 0 

i, 0 0 0 0 0 

The state space equation (10. I 5) is then transformed as 

(10.18) 

The control input is th~n given by 

u = -K(z -zref) (10.19) 

where K is the LQR gain matrix that is computed using the matrices PAri 
and PBI . Once Ucl and Uc2 are computed using (10.19), the switching 
functions UI and U2 are obtained using the hysteresis band control described 
in Chapter 8. 

For the state feedback controller to perform satisfactorily, the reference 
zr~f for the transformed state vector Z must be chosen judiciously obeying the 
network laws. Of the six elements of the vector z, it is rather difficult to form 
a reference for the load current it. This element is therefore eliminated from 
the state feedback and a reduced order feedback is used instead of the full 
state feedback of (10.19). As we have seen in Chapter 8 that this does not 
destabilize the system. Of the remaining five elements, the reference for if is 
obtained from the reference generation equations (10.5) and (10.7). 
Therefore we have to generate reference for the four remaining variables. 

Note that the desired load voltage is balanced and therefore has positive 
sequence only. Therefore the reference load voltage and the current through 
the filter capacitor of the shunt compensator are given by 

~ref = ~I + Vdlref 
o 0 

(10.20) 

where OJ is the fundamental frequency. The magnitude of Vdlr~f is the 
solution of the quadratic (10.3), while its angle is defined by the unit vector 
al + jb l . Note that the balanced sinusoidal desired source current is equal to 
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I"'e/ = I" - In /'e/ (10.21) 

where the magnitude of 1/1/'e/is obtained from (10.7), while its angle lags that 
of V'ref by 90°. 

Also note from Figure 10.11 that the voltage V.,d is given by 

(l0.22) 

Therefore the positive sequence of the reference voltage across the capacitor 
Cd is given by 

The zero and negative sequence reference voltages are then 

V"dOre/ = VdOrej = -~o 
V,d2re/ = Vd2re/ = -~2 

(10.23) 

(10.24) 

Once these sequence components are obtained we use the inverse 
symmetrical component transform to obtain the three-phase voltage 
reference V.,dre/; Consequently the current through this capacitor is given by 

(10.25) 

Note that the reference quantitIes are obtained in the phasor domain. 
These are then converted into instantaneous domain and tracked using the 
state feedback law of (10.19). The following example shows the effects of 
the state feedback control law. 

Example 10.4: Let us consider a system in which the source voltages are 
unbalanced and are given in per unit by 

V,a = -fi sinO OOfft) 

V,h = -fi x 1.2 sin(1 OOJrf -120°) 

v'c = -fi x 0.85 sin(1 OOfft + 1200 
) 
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The balanced feeder impedance is given by 0.5 + jO.3 per unit per phase and 
the unbalanced load impedances are given in per unit by 

Zia == 2 + jl.S Zib == 2.55 + jl.25 Zic == 1 + j2.3 

The UPQC parameters in per unit are 

1 
Xc! == -- == 7.02 X I == wLI == 0.2 RI == 0 

W C I 

I 
Xed ==--==4.0 Xd ==WLd ==0.01 XI' ==wLr ==0.1 Rd =0 

wCd 

It is assumed that a dc source rather than a dc capacitor supply all the 
inverters. The dc source voltage is chosen as 2.5 per unit. 

The system is started with the VSIs being blocked and the system steady 
state is obtained. The UPQC is switched on half a cycle after the system 
reaches the steady state, once the phasor variables are obtained. The LQR is 
designed with the following weighting matrices 

20 

Q= 
10 

R= [
0.1 

10 

o 

A hysteresis band of 0.1 per unit is chosen for the control of both the 
shunt and series inverters. The results are shown in Figure 10.12 for which it 
is assumed that f3 in (10.7) is zero, i.e., the shunt compensator only 
compensates for the unbalance in the load currents. It can be seen from 
Figure 10.12 (a) and (b) that the load voltages and source currents get 
balanced within 2 cycles of the UPQC being switched on. Figure 10.12 (c) 
shows the average powers. It can be seen that the terminal average power 
becomes equal to the load average power in the steady state. From Figure 
10.12 (d) it can be seen that the reactive power supplied by the shunt 
compensator is oscillating with a mean of zero. As a consequence the 
terminal and the series compensator supplies the average of the reactive 
power required by the load. This is because j3 is chosen as zero. 
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Figure 10,12. Correcting unbalance using a right-shunt UPQC 

Harmonic Elimination using Right-Shunt UPQC 

Chapter 10 

So far in our discussions we have restricted our attention to canceling 
unbalance only. A UPQC can also act as a harmonic isolator. In case both 
the load and source contain harmonic, the UPQC can prevent the harmonic 
in the source voltage from appearing at the load terminal and, at the same 
time, can prevent the load current harmonics from flowing into the source. 
Below we present an algorithm through which it can be achieved. This 
algorithm uses a combination of state feedback control for shunt 
compensator and deadbeat output feedback control for series compensator. 

The state feedback control is achieved through the control law 

(10.26) 

where the gain matrix K is obtained through LQR design. The series 
compensator is controlled by the deadbeat control law that is discussed in 
Section 9.3.1. The control law is given by 

Vsdref(k+ 1)- iII v\'d(k)- iI2 i2(k)- gl2 l,(k) 
Uc\ (k) = --'-------'---'---.........:.::=------

gil 

(l0.27) 
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As mentioned earlier that for the control law to perform satisfactorily, a 
set of consistent references is required. To obtain the reference set we note 
that both the load current and terminal voltage now have fundamental and 
harmonic components. We can therefore write 

. . fund . har 
I, = 1/ + I, 
V _fund + har 

I - VI VI 

(10.28) 

where the superscripts fund and har denote the fundamental and harmonic 
components respectively. In Section 10.4.2 we have discussed the reference 
generation procedure for the fundamental components. In addition, the shunt 
filter must cancel the harmonic contents of the load current. We therefore get 

. _ . fund . har 
1 fi'e{ - 1/ + I, (10.29) 

where ijund is generated using the equations (10.5) and (10.7). Since the 
voltages at the load terminal must be balanced sinusoids, (10.20) provides 
valid references for V, and icf' 

In a similar way the reference for Vsd is given by 

fund har 
V,dref = V,.J - VI (10.30) 

where vjund is the solution of(10.23) and (10.24). It is to be noted that the 
desired current through the inductance L t is balanced. Therefore the 
harmonic voltage that must appear across Vd must also appear across V,d 

itself. This results in the above equation. The following example illustrates 
the harmonic elimination property of the right-shunt UPQC. 

Example 10.5: Let us now consider the same system as given in Example 
10.4 except that the source voltages now contain the 5th and 7th harmonic 
components with their magnitudes being inversely proportional to their 
harmonic numbers and the load also draws a squarewave current with a peak 
of 0.35 per unit. The source voltages and load currents are shown in Figure 
10.13 (a) and (b) respectively. The weighting for the state feedback 
controller and the hysteresis bands are the same as given in Example 10.4. 
Further it is also assumed that the VSIs are supplied by a dc source with a 
value of 2.5 per unit. 

The UPQC is connected at 0.01 s (i.e., at the end of the first half cycle) 
with the value fJ being set to zero. The load voltages and source currents are 
shown in Figure 10.13 (c) and (d) respectively. It can be seen both of them 
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become balanced within about one and half cycle. The average powers and 
instantaneous reactive powers are shown in Figure 10.14 (a) and (b) 
respectively. It can be seen that they behave as expected. The series and 
shunt tracking errors, i.e., (Vdref - Vd) and (ijre! - if) are shown in Figure 10.14 
(c) and (d) respectively. It can be seen that they rapidly converge to zero. 
This proves the efficacy of the UPQC control. 
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Figure 10.13. Canceling load and source unbalance and harmonics using right-shunt UPQC 
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Figure 10.14. Average power, reactive power and tracking errors using right-shunt UPQC 
when both load and source are unbalanced and distorted 
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The above examples assume that the UPQC is supplied by dc source. In 
practice however the dc source is replaced by a dc capacitor. Note that the 
right-shunt UPQC operates in zero power injection/absorption mode. 
Therefore the dc capacitor, once charged, will have a constant average 
voltage in an ideal loss less case. In practical situations however the dc 
capacitor voltage must be regulated against the losses in the inverter and 
transformer. As we have shown in Chapters 8 and 9 that the dc capacitor 
control involves drawing additional power from the ac system to replenish 
the losses in the circuit. 

We can use the shunt compensator for the dc capacitor voltage 
regulation. Since the shunt compensator should cancel the negative and zero 
sequence currents of the load, we can only use the positive sequence 
component to draw additional power. We can then modify (10.6) as 

Irflli1fli cos e == Ploss 

Irflli1fli sin e == fJ X qlav 

(10.31) 

where Ploss is the output of the dc capacitor control loop. This term can be 
derived from a proportional-plus-integral (PI) control output of the negative 
feedback of the average dc capacitor voltage in the same manner as 
discussed in Chapters 8 and 9. Note that for a small amount of PI"", e wi II be 
close to 90°. 

10.5 Structure and Control of Left-Shunt UPQC 

In this section we shall discuss the structure and control of the left-shunt 
UPQC. There are many similarities between the two UPQC structures and 
controls. We shall however highlight their differences in this section. 

10.5.1 Left-Shunt UPQC Structure 

The schematic diagram of a left-shunt UPQC is shown in Figure 10.15. 
In this we have used only capacitor filter both for the series and the shunt 
inverters. The tracking problem associated with the right-shunt UPQC will 
not arise in the left-shunt UPQC even if we use capacitor filters with both 
shunt and series inverters. Consider the equivalent circuit of the left-shunt 
UPQC shown in Figure 10.16. In this case the shunt inverter tracks the 
terminal voltage VI and the series inverter maintains the voltage VI across the 
load by tracking the voltage Vd. Therefore the two inverters track two 
different quantities even if they are interdependent. It is therefore expected 
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that the stability problem will not arise for the left-shunt UPQC structure of 
Figure 10.15. 

10.5.2 

Figure 10.15. Schematic diagram of a left-shunt UPQC 
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Figure 10.16 Equivalent circuit of a left-shunt UPQC 

Left-Shunt UPQC Control 

In the single-phase equivalent circuit of the left-shunt UPQC, shown in 
Figure 10.16, the leakage inductance of the series transformer is denoted by 
Ld• The switched voltage across the shunt and series inverter output terminals 
are then denoted by Vdc.Uj and V dc.U2 respectively. The other parameters are 
the same as those given for the right-shunt UPQC of Figure 10.11. The state 
space equation of this circuit can also be written with six state variables and 
two input variables. The state and input vectors are 
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T [. 
X = Ij i2 i3 i4 Vc vd] r [ U = Uc1 uc2 ] 

and the state space equation of the system is then given by 

x = Ax + Bju + B2 v, (10.32) 

where 

R 
0 0 0 0 

L L 

0 
Rf 

0 0 
1 

0 
Lf L f 

0 0 _Ii 0 
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A= LI LI LI 

0 0 0 
Rd 

0 
1 

Ld Ld 

0 0 0 
Cf Cf C f 

0 0 
1 

0 0 
Cd Cd 

0 0 
_ Vdc 

0 L 
L f 0 

Bj = 
0 0 0 

Vdc B2 = 
0 0 

Ld 
0 0 0 

0 0 0 

Note that the state variables can be written in terms of the network 
parameters as follows 
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We can then perform a suitable state transformation such that all the 
pertinent signals appear as state variables. The transformation is given by 

if -1 0 0 0 0 

i cf 1 -1 -1 0 0 0 

VI 0 0 0 0 0 
Z= x=Px 

it 0 0 0 0 0 
(10.34) 

icd 0 0 -1 0 0 

Vd 0 0 0 0 0 

The state equation (10.32) then can be transformed into 

z = PAP-lz + PBlu + PB2v, =Az + flU + f 2v, (10.35) 

We can then design a state feedback controller of the form U = - K(z - Zref) 

and use hysteresis band tracking control. The feedback gain matrix can be 
calculated using the LQR design. 

We can then use the reduced order feedback by neglecting the load 
current. The harmonic components of the load current and the terminal 
voltages are cancelled using the same method discussed in the previous 
section. Let us consider the foHowing example. 

Example 10.6: For this example we shall consider a system in which the 
source voltages are unbalanced while the load currents are both unbalanced 
and distorted. The system parameters are the same as used in Examples 10.4 
and 10.5 except that the value of Ld is chosen as 0.2 per unit. 

The UPQC is assumed to be supplied by a 2.5 per unit dc source. The 
UPQC is connected at the end of the first half cycle after the fundamental 
quantities are obtained. At this instant the series compensator is connected 
first. After another one and half cycle the shunt compensator is connected. 
This is done to prevent excessive current to flow through the circuit when 
both compensators are connected simultaneously. This problem was not 
encountered with the right-shunt UPQC. It is to be noted that both the filter 
capacitors are precharged at the point of connection of the compensators. 

The results are shown in Figure 10.17. It can be seen that both the load 
voltages and source currents become balanced sinusoids. The terminal 
voltages remain unbalanced. However it becomes free of harmonics once the 
UPQC action takes place. 
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Figure / O. / 7. System quantities with a left-shunt UPQC 

The voltage source in the above example is assumed to be unbalanced but 
distortion-free. Consider the equivalent circuit of Figure 10. I 6. If the voltage 
source is distorted then, for the source current to be distortion-free, the 
terminal voltage must also contain all the harmonic components of the 
source voltage [4]. This can be accomplished through the back projection 
algorithm discussed in Chapter 8, which will complicate the control system. 
This problem however does not exist with the right shunt structure. The dc 
capacitor control of the left-shunt structure is discussed in [4]. 

10.6 Conclusions 

In this chapter we have discussed an operation of UPQC in which it can 
simultaneously correct for the unbalance and distortion in the source voltage 
and load current. It has been shown that the right-shunt UPQC structure can 
operate in the zero power injection/absorption mode thereby making the dc 
capacitor control simpler. However the size of the dc capacitor must be 
chosen such that it has the ride through capability during any transient. The 
issues involved with size and control of the dc capacitor need to be explored 
further. 

A UPQC is an expensive device, as it requires two sets of inverters. 
However it is much more flexible than any single inverter based device. 
Thus its full capability must be investigated further. Also new applications 
of this device must be explored to justify its cost. 
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Chapter 11 

Distributed Generation and Grid Interconnection 

Thus far we have considered point compensation and the correction of 
the voltage or current at a particular location in the network. This chapter 
considers the voltage profile of lines with distributed loads and the impact of 
real or reactive power from one or more injection points. The consideration 
of real power injection is due to a developing trend for distributed generation 
CDG) and the need to consider their impacts on the distribution system. 

11.1 Distributed Generation - Connection Requirements 
and Impacts on the Network 

Throughout the 20th century economies of scale have driven generation 
plant sizes larger with single stations exceeding 3000 MW. A parallel trend 
is now developing with significantly smaller sized generation units 
connected at the distribution level. Several factors contribute to this trend. 
Greenhouse gas issues are behind a push in many countries for encouraging 
the use of renewable energy. Many of the technologies draw upon dispersed 
energy such as solar, wind and wave which require many smaller sized units. 

The economies of local generation using gas in units such as 
microturbines is approaching that of a central generation when the 
transmission and distribution overheads are taken into account. Fuel cells are 
still more expensive but are showing great promise for low cost reliable 
small size generation units. Solar cells are inherently modular in small 
panels with large installations using more of the same panels. This provides 
limited opportunities for economies of scale. 

The move to open competitive markets in electricity has increased the 
uncertainties of supply. A notable example is the Californian market in 
2000/01 where customers saw increased cost of energy and rolling 
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blackouts. In response to this uncertainty of central supply there was a 
massive increase in demand for back-up generation with the possibility of 
generation back into the grid when conditions were well suited. In medium 
sized industrial plants or large buildings with a significant heating load, co
generation is becoming more attractive. The local generation of electricity 
also provides waste heat that can supply much of the heating needs of the 
local process. 

This expansion of distributed generation has the potential to significantly 
change the nature of the distribution system and the associated power quality 
issues. Many of the technologies require an inverter stage for grid 
connection. The inverter is required for fuel cells and for solar cells since the 
source is inherently dc and needs to be converted to ac supply. Microturbines 
operate at very high speeds. The use of direct connected generators that thus 
produce alternating voltage at a high frequency requires inverters to convert 
to the supply frequency. Many of the wind turbine systems are induction 
generators but the efficiencies of variable speed turbines and the 
controllability of connection to weak grid points are encouraging a market in 
inverter connected wind generation systems. 

11.1.1 Standards for Grid Connection 

This development and its potential for rapid expansion has prompted a lot 
of work on the development of standards for inverter connection to the grid. 
This prospective explosion of inverters connected to the grid has the 
potential for significant deterioration of the quality of supply for all users. 
The standards are aimed at limiting the adverse impact in the areas of 
harmonic injection from inverters and flicker generated by inverters. In 
addition, inverters should stop generation after the power utility has opened 
the main supply. Continued generation would constitute a hazard for the 
utility workers. This is referred to as anti-islanding protection. The various 
standards that are avai lable for grid interconnections are given in [1-4]. 

11.1.2 Key Requirements in Standards 

The draft Australian standard requires passive means of detection of 
islanding which includes under and over voltage protection and under and 
over frequency protection. Typically if an inverter is isolated with some 
load, then there will be a gross mismatch of real power leading the 
synchronization process to generate a lower and lower frequency. Once the 
frequency is outside the specified limits the inverter will trip. If there is a 
reactive power mismatch, the voltage will tend to stabilize outside the 
required voltage limits leading to an inverter trip. 
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The system is also required to trip in less than 2 sec even when there is 
real and reactive balance with the load. This requires an active method of 
detection of loss of supply. Examples of anti-islanding include 

- Shifting the frequency of the inverter away from nominal conditions in 
the absence of a reference frequency (frequency shift). 

- Allowing the frequency of the inverter to be inherently unstable in the 
absence ofa reference (frequency instability). 

- Periodically varying the output power of an inverter (power variation). 
- Monitoring for sudden changes in the impedance of the grid by 

periodically injecting a current pulse (current injection). 

11.1.3 Grid Friendly Inverters 

In all the above issues, the controllability of inverters offers the potential 
for doing much more than limiting the worst effects on power quality. Any 
inverter operating at less than the rated real power can provide reactive 
power at comparatively low cost. These units have the potential for 

- Distribution system voltage svpport 
- Harmonic absorption 

Voltage dip reduction 
- Flicker suppression 
- Reduction of outages 

These aspects are of particular importance in rural areas where the 
quality of supply is expected to be much lower than that of the urban areas. 
The voltage support can be provided using the additional capacity of the 
inverter. If an inverter rated at 5 kVA were being used to export 3 kW then 4 
kV Ar would be available to assist with line voltage support with a small 
increase in losses. There are many modes in which an inverter can operate. 
One mode could include aiming to have zero harmonic voltage at the point 
of connection. Another would be to create a harmonic current absorption 
proportional to the harmonic voltage. In this mode the inverter would 
emulate a shunt resistor to the harmonic frequencies. The dip suppression 
and flicker reduction would occur in the same way by supplying reactive 
power or short periods of real power to keep the terminal voltage close to its 
reference sinewave. 

The reduction of outages requires a more explicit agreement with the 
utility company such that the distributed generation becomes a source of 
supply for a block of load that would otherwise be isolated from supply due 
to an upstream fault. This explicit islanding would require coordinated 



410 Chapter J J 

control of the isolating breaker such that when supply was restored upstream 
the local generation could be adjusted to bring the voltages in-phase prior to 
re-synchronization. In an urban environment with low probability of 
isolation and many points of potential synchronization there is low 
justification for this explicit islanding. For rural loads with one line of supply 
suffering high fault rates there is a much greater case for the development of 
islands fed from inverter or synchronous machine sources provided the 
available generation is sufficient for the expected load of the proposed 
island. 

11.1.4 Angle Stability for Inverters 

While connecting a synchronous machine to supply, the stability of the 
connection is a significant issue. Inverters do not have the problem of rotor 
inertia while changing the angle of the injected voltage. In most cases the 
desirable solution is to synthesize the inverter current to be in phase with the 
mains voltage. The difficulty is in the process of synchronization of the 
reference to the actual voltage. When there is a sudden step of load 
downstream, the angle ofthe voltage at the connection point takes a step. For 
correct synthesis the usual solution of a phase locked loop to learn the phase 
of the voltage connection point often has a lag of several cycles with a 
corresponding distortion of the injection. This can be avoided by having the 
injected current to be a scaled version of the line voltage. This avoids any 
synchronization issue but will have a distorted injection of current whenever 
the voltage is distorted rather than the injection acting to correct for the 
distortion of the voltage. 

11.1.5 Issues for Distributed Generation 

There are several aspects that need to be addressed to ensure quality of 
supply as the penetration of generation expands. The main issues at low 
levels of penetration are 

- impact on protection systems, 
- dynamic Interaction between generators and 
- conflict in voltage control for generators in proximity. 

One aspect that has shown a potential for difficulties for some utilities is 
the use of fixed tap transformers which are preset based on expected loading 
patterns to achieve the best voltage profile. With significant DG on the 
feeder the reversal of the power flow can lead to transformers which used to 
provide a downstream boost is now providing an upstream voltage boost. 
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At high levels of DG penetration on a feeder the additional issue of 
scheduling of generation becomes important to avoid line overload and 
severe voltage rise problems. In some circumstances particularly for rural 
communities with poor supply reliability islanding may be an attractive 
proposition on failure of the main supply. When several generators are 
present in the island, generation control becomes essential for voltage and 
frequency stabilization. These requirements can be met without central 
control, but reconnection to the mains on restoration of supply needs a more 
precise frequency control if a smooth resynchronization is to be achieved. 

11.2 Interaction and Optimal Location of DG 

The dynamics of distribution networks with distributed generation for 
different penetration scenarios have been discussed in [5]. In this paper the 
impact of DG is assessed using both eigenanalysis and individual channel 
analysis and design (leAD) for small-signal analysis, and non-linear time 
domain simulations for transient stability analysis. In this continuous time 
analysis of multi-machine scenarios, the participation of the generator 
subsystems: rotor dynamics, synchronous machine, A VRlexciter and 
governor/turbine in the oscillation modes have been examined through 
modal analysis to detect the degree of interaction. However, this report 
investigates longer-term dynamic interaction of voltage controller assuming 
the angle has reached its steady state. The following analysis has been 
performed in discrete time domain (rather than continuous time domain) 
assuming angle transients have been settled. Therefore it only gives an 
indication of interaction. Short-term angle stability interaction can be 
performed following the techniques discLissed in [5]. 

11.2.1 EigenAnalysis and Voltage Interaction 

Let us assume that a single line system consists of N number of load 
buses and two distributed generators (DG 1 and DG2) are connected at two 
different locations (for example, N-2 and N-6) with their internal buses N+ I 
and N+2 respectively. Bus voltage and current of this system are related as 

(11.1) 

Equation (11.1) can be expanded for the whole system as follows 
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YI,I Y1,2 YI,N YU'>+I YN+Z V, I, 

Y2,1 Y2,2 Yz,.\' Y2,N+1 Y2,N+2 V2 0 

YN,I YN,2 YN,N YN,N+I YN,N+2 V N 0 

YN+I,I YN+I,2 YN+I,N YN+I,N+I YN+I,N+2 VDGI IIX;I 

YN+2,1 Y N+2,2 YN+2,N Y N+2,N+1 YN+2,N+2 V D<i2 IIX12 

(11.2) 

Noting that the Ybus is a symmetric matrix, (11.2) can be partitioned into sub
matrices as 

where 

1'; = [YI,ll 

lY:'2 

1';= : 

YN,2 YN,3 

~ =[YN+I,N+I 

YN+2,N+I 

(11.3) 

YI,3 .. , YI,N 1 Y4 = ~I,N+I YI,N+21 

Y2'~+21 
. , 

YN,N+2 

Y2:'N1 _lY2'~+1 . , Ys - . 
YN,N YN,N+I 

YN+I,N+2], 

YN+2,N+2 

V =[~2] V. =[VI)(jl] I. =[/DCiI ] x ., 1)(, V ' 1)(, 1 
V f)(j 2 f)(j 2 

N 

From (11.3) we obtain 

(11.4) 

Rearranging the above equation we get 

(11.5) 

By applying the principle of superposition, the relative changes of voltages 
due to DG injection can be obtained. By substituting Vs = 0 in (1104) and 
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examining the response of the system to 1.0 per unit voltage at DG1 and DG2 

individually, we get 

[ 1 ] V' - _y-Iy: 
X DGI - 3 5 0 and ( 1l.6) 

The absolute values of relative changes of voltages at DG connection 
points can be extracted from the matrix in equation (11.6) as 

A - l)(il\-2-1 [ 

Vllelal/ve 

IXi - V Ile/al/ve 
I)(i 2 \' -2-1 

V lie/alive 1 
1)( il \ .1, 1 

V lIe/al/ve 
l)(i2 \-1,-1 

(11.7) 

where N-2-1 and N-6-1 are the locations of relative changes of voltages for 
DG I and DG2 in the matrix of (11.6). Therefore, the measured voltages at 
DG connection points in this example system are • 

( 1l.8) 

where Vml and Vm2 are the measured voltages for DG 1 and DG2 respectively. 
For a close-loop control system with proportional control gain KI for DG1 

and K2 for DG2, the DG voltages can be obtained as 

(1l.9) 

where, Vref is the reference voltage. 
DG voltages at the next stage are 

(1l.1 0) 

where 

If Vrej is assumed to be zero, (11.9) can be rearranged as 

(1l.lI) 
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where h is a (2x2) identity matrix, Vnc/ + I is the DG voltage at the next 
stage, k + 1 and VI)c/ is the DG voltage at current stage k. Equation (11.11) is 
in the form of x(k + I) = Fx(k) and therefore eigenvalue analysis of 
coefficient matrix A (where in this case F = h - KA n(;) can predict the level 
of interaction and system instability contributed by the DG. 

Eigenanalysis is useful for the analysis of small-signal stability of low 
frequency oscillations and for the design of corrective controls. The modes 
of oscillation can be clearly identified by eigenvalues of the system matrix 
(A) at which the damping and frequency of each mode change with different 
operating conditions. The examination of eigenvectors of individual modes 
helps to determine the characteristics of modes and assists in developing 
mitigating measures. Eigenanalysis of different DG locations in the network 
and different network loadings has been carried out in this study to predict 
interaction and system instability caused by DGs. 

From (11.7), the indication of voltage interaction between two DGs in 
this example system can be observed and an Interaction Index can be 
introduced to predict the contribution of interaction by each DG. The 
diagonal elements of the matrix in (11.7) are the relative changes of self
voltages of DGs located at a particular location. The off-diagonal elements 
in each row are the relative changes of voltages at other locations 
contributed by DG located in the position that produces relative change of 
self-voltage in that row. Therefore, the ratio of off-diagonal and diagonal 
elements in the column can be defined as an Interaction Index that will 
indicate the interaction of DGs. For this example system, Interaction Index 
for DG 1 interacting with DG2 is 

Vllelallve 
Indexlmerac/ion = l)(i2\_H 

DGI12 V lIelallve 
nG I .\. _ 2-1 

and the Interaction Index for DG2 interacting with DG I is 

Vllelalive 
Indexlmerac/ion _ nGI\'_H 

1)(1211 - V lIelallve 
nG2 \'_(,_\ 

(11.12) 

(11.13) 

Therefore, Interaction Index between two DGs can be generalized for a DCI 

at a location L interacting with DCI as, 

Vilelalll'" 
Inde/nl~racl/{)n = IX;} /.-\ 

IXill.l V lIelalive 
IXil/._\ 

(11.14) 
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The Interaction Index among multiple DGs can be generalized for a DGr at a 
location L interacting with DGi , DGJel, DG;+2, ... , DG)+n as 

IndeXlnlerac(lOn _ DC; I-I [ 
V Re/al,ve 

IJC'i),)+I,)+2, ... ;+n - Vlle/a/l"e 
!Xj'I_1 

Vlle/u/I"e 
/Xij+lh_1 

V/?ela/lve 
{)( ;'1.· I 

V lIe/u/lv" 
[)G) + 2,_1 

Vlle/a/lve 
f)(j'I_1 

vlle/a/lv.e 1 
J)U) + n 1 •.. 1 

Vlle/a/lve 
/)(j'I.-1 

(11.15) 

The individual element of the matrix in equation (11.15) will indicate the 
degree of interaction for a DG with other DGs in different locations. The 
index-elements in the above equation will give an indication of interaction. It 
to be is noted that for a stable system, the value of Interaction Index is very 
much less than 1.0 and close to O. However, if the value of Index approaches 
1.0, it would indicate that the system is close to instability. There is a critical 
limit for every network which depends on system parameters and loading. 
The network instability will occur if the network is loaded beyond this 
critical limit. This may be justified from eigenvalue analysis by comparing 
the changes of magnitudes of eigenvalues of the network. 

11.2.2 Simulation Results of EigenAnalysis and Voltage Interaction 

A prototype single line system with two DGs is considered for this 
analysis [6]. A 120 km SWER (Single Wire Earth Return) network has been 
modeled with line impedance Z/ = 1.828 + jO.876 O/km. Source voltage is 
assumed to be V, = 19.1 kY, while the source Thevenin impedance is 
Z, = 70.53 + j57.73 n. A total of 19 symmetrical line sections have been 
considered in the SWER feeder to analyze the interaction between the DGs. 
A line section is defined as a length of feeder of two consecutive buses. An 
LTC transformer with voltage regulation facility is connected at the 
beginning of the SWER system. The optimum location of the regulator has 
been determined by trial and error. For this test system, the regulator is 
connected at a distance of 10.5% of the entire line length from the source. 
The high source impedance of the SWER system requires the regulation to 
be closer to the source. Two DGs of 50 kY A each, of rotary type 
(Synchronous generator) will be installed on the SWER backbone to 
investigate the interaction. DG1 has been kept at position N - 2, (where N is 
the bus number at the far end) and the position of DG2 is moved from buses 
4 to N - 3 (closest bus of DG1), one by one, to observe the interaction of 
DG-DG. The relative changes of voltages at DG connection points have 
been examined. Figures 11.1 to 11.3 show the relative changes of voltages at 
DG connection points for DG 1 at position 18 and DG2 at 5, 14 and 17 
respectively. It is observed that when DG2 comes in the proximity of DGJ, 
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the relative changes of voltages become closer. The Interaction Indices for 
DG, and DG2 are calculated and graphically represented in Fig.ll.2. 

DG Interoctloo 
08 , , . . 

: : : : 1~-·DG11 0.7 . ________ + _______ .+ _____ oo.+ ___ . ___ +_oo __ 00.-:- DG 2 
. . , , . 
I • , , , 

.~ ::IT •.• T~.,..:>~lr~ 
'::~~L:~'~~~~ 

02~;:~oo1--------oo-j------OOOO-[----OOOO---[--OO-OO---
, • , , I 

o 1 O~--20..1----'40'----6-'-O---'-80---10LO----'120 

Feeder Length In km 

Figure 11.1. Indication of voltage interaction with DG I at position 90% and DG2 at 85% 
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Figure 11.2. Interaction Indices for DG I and DG2 with different locations of DG2 

Clearly as these generators move closer, the potential for adverse 
interaction rises significantly. From the network viewpoint having high gain 
voltage control of the line from DO is generally a strong positive. When the 
potential for generators to be installed in close proximity exists, the network 
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owner would be well advised that voltage control with a droop characteristic 
be installed. As discussed in [7], the use of a droop proportional to rating can 
avoid these interactions in voltage control while still providing a positive 
benefit for line voltage profile. If an inverter were connected to this 
generation with fast voltage control capability, the droop capability would be 
even more important. 
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Figure 11.3. Changes of eigenvalues for different DG locations 

11.3 Power Quality in DG 

The following study has investigated the power quality issues related to 
DG integration in distribution networks. Voltage dip transients, harmonics 
and voltage flicker of distribution systems with DG installed are analyzed to 
ascertain the DG impact on power quality. 

11.3.1 Mitigation of Voltage Dip during Motor Start 

One of the main power quality problems is voltage dip. Voltage dip is 
usually caused by sudden load demand, motor start, network fault etc. An 
induction motor can draw a starting current typically six times the normal 
current. But the network is designed based on the normal load current and to 
maintain voltage levels during all possible simultaneous motor starts is 
unjustified. Therefore, a minimum allowable voltage dip is defined in 
standards which is considered during the planning and design of networks 
including motor loads. However, an expansion of network is sometimes 
necessary due to an increase of load demand. It is difficult to restructure and 
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resize the whole network and the utility seeks to defer the expansion to limit 
the financial consequences. Unfortunately in rural areas, many loads 
incorporate induction motors such as pumps, refrigerators, air conditioners 
and fans. The sizes of motors can be very large in hotels, farms, factories etc. 
and they can create large voltage dips during starting due to the higher 
supply impedance of rural networks. The dip becomes worse if more than 
one motor start at the same time. Motor start transients can cause a large 
voltage dip at the motor terminal which can last for a few seconds with the 
worst case occurring at the motor terminals. This dip affects the surrounding 
customer loads and may cause sensitive loads to malfunction. As the 
reaction of tap changer is very slow, it takes up to a minute for it to respond 
which might not be helpful for transient restoration. Also, there is a limit for 
the number of step sizes and maximum voltage available to raise the voltage 
level. Thus the customers at the far end of rural lines experience significant 
voltage variations during motor starts and other transient loading. 

DG with voltage control capability in a distribution network can reduce 
the voltage dips caused by sudden load demand, load change, motor start etc. 
and hence improve quality of supply. During a motor start, the DG voltage 
controller responds immediately and reduces the voltage dip. The DG 
controller needs to be designed in sllch a way that it is capable of handling 
the transient situation. The voltage improvement by DG depends on the size 
of DG and the current demand by the motor at the time of its start. An 
inverter based DG is capable of fast voltage control and mitigates the motor 
transient. Even rotary type of DG can help the motor transient without any 
special control. The DG can also help to speed up the transient restoration. In 
the proximity of DG, the depth and width of voltage dip are reduced 
dramatically. 

Figure 11.4 shows the voltage dip caused by starting a 35 kW motor on 
the line modeled as a balanced disturbance. A DG of rotary type is capable 
of reducing the motor transient effects, since the DG can respond at every 
instance of time and thus correct for the transients. The speed of response is 
limited by the time constants on the motor field and will thus take nearly a 
second to fully respond. If the DG is nearer to the motor, the effects of motor 
start are reduced. Figure 11.5 shows the improvement of motor terminal 
voltage by DG with a synchronous generator. It is seen in Figure 11.5 that 
the depth and width of voltage dip have been reduced by the presence ofDG. 
It helps to speed up the transient restoration. From Figures 11.4 and 11.5 it is 
seen that the dip lasts 12.5 seconds at 0.92 per unit without DG and reduces 
to 0.5 second in the presence of rotary DG. For inverter based DG 
interfacing, the reactive correction from the inverter can respond in 
milliseconds. The rating of a line support inverter DG may not be sufficient 
to fully correct for all motor starts but the inverter can significantly stiffen 
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the line voltage to such transients and reduce the depth of dip even close to 
the connection point of the motor being started. 
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Figure 11.4. Voltage dip at 35 kW motor terminal with 135 kW load and fixed nominal tap 
(Lowest voltage = 0.871 per unit, 0.9 per unit for 5.5 s., 0.92 per unit for 12.5 s) 
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Figure 1/.5. Voltage dip at 35 kW motor terminal with 135 kW load, fixed nominal tap and 
100 kVA DG-PQ (Lowest voltage = 0.8825 p.u., 0.9 p.u. for 0.4 s., 0.92 p.u. for 0.5 s) 

11.3.2 Harmonic Effects with DG 

Voltage and current waveforms of the network are distorted due to loads 
such as adjustable speed drives, arc furnaces, electronic converters, rectifiers 
etc. As a result, harmonic currents and voltages are generated in the network. 
Distributed generators may introduce or reduce the harmonics in the 
network, depending upon the design of generator and selection of 
technology. Proper selection and design of generator and its control can 
avoid harmonic injection by the generator into the network. For some cases 
the DG control can alleviate harmonic effects by reducing harmonic voltages 
and thus reducing voltage distortion. PWM inverter DG is the best choice if 
a key objective of DG installation is to reduce harmonics effects. 
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Pure rotary type generators, with accurate design, can generate voltage 
waveforms that are free of harmonics. However, depending on the design of 
the generator windings (pitch of the coils), core non-linearity, grounding and 
other factors, they may become a source of harmonics and generate distorted 
voltage with a significant amount of harmonics. 

Line commutated inverters or SCR type inverters produce high levels of 
harmonic current and make an adverse harmonic contribution to the utility 
system. This poor harmonic performance largely led to the disappearance of 
the SCR as a mean of connection for DC energy. In current practice, 
inverters are designed based on IGBTs/MOSFETs that use pulse width 
modulation to generate the injected sine wave. These inverters are capable of 
generating a very clean output [8], which is almost free of low-order 
harmonics. In addition, PWM inverter based connection is capable of very 
fast control of the synthesized waveform. In some modes, this can be used to 
keep the voltage at the point of connection totally harmonic-free. 

An investigation on harmonic effects is made by simulating a distribution 
network with different types of DGs. Distributed load totaling 200 kW, 0.8 
power factor (lagging) is connected to the system and is modeled as 
generating a significant amount of fifth-harmonic current. In this study an 
extreme case of harmonic injection is examined where each customer injects 
fifth harmonic current at a level of one-fifth of the fundamental current in 
phase with one another. Two DGs are installed at N - 1 and N - 4 (where N 
is the bus number at the far end) to generate voltage at fundamental 
frequency and mitigate fifth harmonic effects in the network at steady state. 
Figure 1 1.6 shows the voltage distortions by the 5th harmonic current and 
with and without DG. It is found that without DG the maximum distortion 
level by this harmonic current is 7.10%. Rotary DGs, with 3% voltage 
distortion at 5th harmonic can reduce this number to 3.30%. Rotary DGs with 
zero harmonic generation reduce the peak distortion to 0.93% and PWM 
inverter based DGs reduce the distortion to 0.65%. The inverter DGs are 
designed in such a way that the connection point voltages of the DGs at the 
5th harmonic become zero. Pure rotary DGs refer to those generating zero 
harmonic voltage internally. PWM inverter based DG gives the best solution 
for resolving harmonic problems and provides the best reduction in voltage 
distortion. 

Voltage flicker can be described as dynamic variations of network 
voltage magnitude and can be sufficient in duration and frequency to allow 
visual observations of a change in the intensity of electric light source. 
Human beings are especially sensitive to luminance fluctuations around 8.8 
Hz [9]. The International Electromechanical Commission (lEC) has 
published a norm for a flicker meter, IEC 6 I 000-4-15 [10], which may be 
used to measure voltage flicker. A DG installation may increase the flicker 
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level especially during start/stop or if it has continuous variations in input 
power because of a fluctuating energy source. That is, if a DG starts or its 
output fluctuates frequently enough, flicker of lighting loads may be 
noticeable to customers. Squirrel cage induction generators have a high 
possibility to make flicker level worse because of an inability to actively 
control terminal voltage. In the case of an individual wind and solar energy 
generator, the output will fluctuate significantly as the wind and sun 
intensity changes. However diversity between the fluctuations of individual 
generators will reduce the relative size of fluctuations for a group of 
generators. 
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Figure 11.6. Harmonic voltages with and without DG 

11.3.3 Voltage Flicker and Voltage Fluctuation 

Flickering lamps are disturbing if the total flicker level on the grid is 0.7 
to 1 per unit [9]. Voltage flicker caused by variations in real power output 
due to fluctuations in renewable energy sources depends on the resource, the 
characteristics of the generator and the impedance of the network. However, 
voltage flicker and voltage fluctuation can be mitigated by DG through 
active mitigation policies. Mitigation approaches [8] for induction generators 
include reduced voltage starts, as well as speed matching and active or 
passive reactive power compensation. Synchronous generators might require 
tighter synchronization and voltage matching. Inverters might be controlled 
to limit inrush currents and changes in output levels. Energy storage devices 
such as flywheels, variable speed drives for wind generators or batteries 
might be used to compensate for fluctuating power levels. 
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11.4 Islanding Issues 

DG units operate in parallel with power distribution system. This parallel 
operation of a DG unit with the utility grid system may result in islanding 
operation of DG due to a fault in the utility system. Islanding can be defined 
as the operating condition where a DG maintains the electric supply on a 
local section of distribution system, which is disconnected from the utility 
source following an opening of a circuit breaker on a distribution line [11]. 
Loss of main supply may initiate an independent power island, which is 
usually caused by tripping of a circuit breaker. Depending upon the 
capabilities, DG will continuously support the independent power island as 
long as the system frequency and voltage are maintained within the required 
operation limits. A power-island can be created without the knowledge of 
the utility personnel and public and may complicate the issues like safety 
hazard, grounding system, synchronization, orderly restoration of utility 
supply and supply quality. However, proper protection with communication 
can avoid all the above problems and DG can be used for dedicated islanding 
operation. Islanding operation can support the supply continuity in 
rural/remote areas [11]. 

11.4.1 Anti-Islanding Protection 

Fault clearance in utility distribution network is performed by relays 
located close to the fault, which isolates the faulty part from the utility 
network or causes the main supply breaker trip off. Also, the mains can fail 
to supply continuously due to the unpredictable troubles in operation and 
control or abnormalities. In these situations, DG may become islanded from 
the normal grid supplies, which, without proper arrangements, is 
undesirable. Islanding operation may leave a section of the network without 
an earth and the fault level may not be sufficient to operate protection relays. 
Also, the synchronization facilities of a DG system may not be able to re
synchronize correctly with the main system when it returns. Protection 
applied to the inter-tie between the DG and the utility network must be 
capable of detecting the loss of grid supply and tripping the circuit breaker 
on the inter-tie, if appropriate. 

If a small DG unit dedicated for local supply only becomes islanded, 
power will flow from DG to the utility circuit of island through inter-tie. If 
the facility containing the DG did not normally export power, islanding 
could be detected by a reverse power relay monitoring at the inter-tie power
flow. If the DG normally exports power to the grid system, loss of the main 
supply could cause a severe overloading of the DG unit, which could be 
detected by under/over voltage and under/over frequency relays. 
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If the DG unit were large enough to maintain the system voltage and 
frequency within specified limits following an island, special relaying 
techniques would be required to detect islanding. The most efficient and 
effective method is SCADA that monitors all circuit breakers, switches and 
isolators of the system between utility system and DG units and produces a 
transfer trip signal to open the relevant breaker during any abnormality [11]. 

However, it may not be possible to cover the whole system with SCADA 
due to the high cost, especially for rural or remote networks. Other islanding 
detection techniques are in practice, which measure network conditions and 
detect islanding. These can be categorized into two: active and passive 
techniques. Some of the active methods are real and reactive power export, 
error detection methods, system fault level monitoring method etc. [11]. 
They are not widely used due to the interaction with power system operation. 
Main passive techniques are underlover voltage and underlover frequency 
relays, rate of change of frequency (ROCOF) and phase displacement 
monitoring or vector shift. Among them rate of change of frequency and 
vector shift are well-known techniques to detect loss of mains, which are 
discussed in the following subsections. 

11.4.2 Vector Shift 

During normal operation the terminal voltage of a synchronous generator 
DG will lag the emf by the rotor displacement angle. If the grid supply is 
suddenly disconnected from the DG network, the load on the DG will 
increase and this will cause a shift in the rotor displacement angle, as the 
terminal voltage will jump to a new value and the phase position will 
change. Vector shift relays continuously monitor the duration of each cycle 
and initiate instantaneous tripping if the duration of a cycle changes as 
compared to the previous cycle by an angle greater than the vector shift 
setting. The vector shift settings vary between 6° and 12°. The recommended 
setting is 6°, but on weak network it could be 12° to prevent mal-operation 
during switching of a large load [12]. 

11.4.3 Dedicated Islanding Operation 

For a variety of reasons, both technical and administrative, the prolonged 
operation of a power island fed from the distributed generator but not 
connected to the main distribution network is generally considered to be 
unacceptable. However, islanding operation offers opportunities for 
improvement in reliability and supply continuity. If DG is owned by utilities, 
then number of issues will be reduced and the utility may decide to offer 
islanding operation. Also, DG may be located at a remote area where utility 
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supply is of poor reliability and power failures or blackouts occur frequently 
and are sustained for a long time. In this situation, islanding operation of DG 
may be acceptable [8]. 

For an islanding operation, the simplest case is when the DG is installed 
at customer premises near the islanding breaker and when the DG is capable 
of supplying the maximum customers' loads (or has a local load shedding 
scheme). During islanding condition, the DG should supply power at the 
same frequency and voltage levels that existed without islanding. When the 
main is reenergized, the DG system needs to be re-synchronized with the 
main supply. A communication scheme is required to resynchronize the DG 
with the utility system. The communication system may be set up through a 
power line carrier, dial-up or networking cables between the DG control 
panel and main breaker and only a few bytes of control data will be 
transmitted through this system. If the DG is nearer to the main breaker, the 
cost of communication set up will be less. Through the communication 
system, the control commands (may be in digital form of 1 or 0) will be sent 
to the DG governor to step up or step down the frequency level to adjust the 
main frequency. The frequency of the DG can be adjusted using ripple 
control. Check synchronization will check the phase angle and frequency of 
both networks and will lock automatically when they have reached the 
acceptable limits. In the case of main system failure, the main breaker should 
be opened immediately and a control command should be sent to the DG 
panel to let it know that the DG has become islanded and it needs to adjust 
its generation level to meet the customers' demands. The DG control panel 
should receive a signal when the main supply returns. For the case of 
mUltiple DGs in the network, it is possible to design the control and 
communication schemes for each of them to operate in a common islanded 
mode and to resynchronize with the main system through ripple control 
scheme when the main returns. Careful design for control and 
communication is required for the complex systems with mUltiple islanded 
DG. 

11.4.4 Rate of Change of Frequency (ROC OF) 

ROCOF works on the assumption that following a loss of grid supply DG 
is required suddenly to supply an increased amount of load. For a 
synchronous or induction generator or an inverter DG with an artificial 
frequency droop, the resulting generation deficit will cause a rate of change 
of frequency. The operating threshold for a ROCOF relay is adjusted 
between 0.1 Hzls and 10 Hzls and the operating time is defined by the 
number of power frequency measuring periods over wh ich the rate of change 
of frequency is calculated which can be adjusted between 2 (40ms, 
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minimum) and 100 (2s, maximum) at 50Hz, typically. This technique is 
usually considered an appropriate one for detecting loss of mains on a 
distribution network but not ideal for the transmission or subtransmission 
levels due to the nuisance trips [12]. 

11.5 Distribution Line Compensation 

Real and reactive injection into distribution lines can affect the voltage 
profile on lines and the power quality in proximity of the injection point. 
Generators may be sited to make the best use of renewable resources such as 
wind or solar energy. These points may not be close to connection to high 
voltage lines and the connection may be required to lines in the distribution 
system. The generation may be located in customer premises and the real 
power export be determined by environmental factors or by the attraction of 
a particularly high pool price. The variability of this loading and the effect of 
reverse power flow have the potential to adversely affect the power quality 
in proximity of these generators. 

Conversely long distribution lines can be aided in control of voltage 
profile by the installation and control of distributed generation geared to the 
needs ofthe network. This section looks at controlling distributed generation 
to affect the voltage profile and suppress dips particularly on long rural lines. 

Rural distribution lines are typically long with a significant resistive 
component of line impedance. They are exposed to high levels of weather 
and environmental faults. Customers on rural lines are more exposed to 
voltage dips from faults or equipment of other customers. Shunt reactive 
compensation is an effective means of voltage control for transmission lines 
but is much less effective when supporting voltage on high resistance lines. 
This change of effectiveness is illustrated in a study of a line with uniformly 
distributed load. 

A distribution line can be modeled as a source with a series impedance to 
represent the line itself and equal shunt impedances to represent the loads. 
The sample system given in Figure 11.7 shows two tap changers to control 
the line voltage. 

11.5.1 Line Voltage Sensitivity 

Sensitivity analysis is performed on an example distribution system with real 
and reactive generation at the remote end to investigate the relation between 
the line characteristics and network voltage compensation. To demonstrate 
the relation, three cases of line parameters are considered. They are (a) R < 
C, (b) R = X and (c) R > X, where R and X are the line resistance and 
reactance respectively. Real and reactive injections by DG are varied from 
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zero to three-times the total load in the network. The solution for the voltage 
on the feeder with distributed load (modeled as admittances) is obtained 
from the admittance matrix. The results are reported in Figure 11.8, which 
shows the voltage sensitivity. It is found that if R <:::; X, reactive power (rather 
than real power) injection will be most effective to improve voltage profile. 
Whereas, for high R (i.e., R =3X), capacitive support will be least effective 
and real power injection will help appreciably to support voltage and 
improve voltage profile. It is also found that the voltage improvement is 
better for real/reactive power injection if the networks serve distributed load 
rather than a concentrated load. 

Tap Ghanger 
.... / ....... . 

. : ... 

Load Load 

Figure 11. 7. Line with distributed load and distributed tap changers 

Because of this low effectiveness of shunt reactive control for low 
voltage distribution lines, this chapter places most emphasis on three 
different forms of voltage support for distribution lines - series reactive 
compensation, series real power injection (UPQC, Tap changers) and shunt 
real power injection (Distributed Generation). As a basis for comparison this 
section considers a range of real and reactive compensation of lines with 
high resistive impedance and with distributed load. Initially the study will 
focus on the effect of heavy load on the line voltage profile. The following 
section considers the compensation needs of lines under heavy load. 

11.5.2 Case-I: Heavy Load 

In this we consider various types of compensations. For these studies, the 
following parameters are used 

- Source voltage of 1.0 per unit with negligible source impedance. 
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- Line resistance = 0.3 per unit, line reactance = 0.5 per unit and line 
reactive admittance = 0.2 per unit. 
Total load admittance = 2.0 per unit. 
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Figure 11.8. Line Voltage Sensitivity for distributed load 

Shunt Reactive Compensation: The shunt capacitor is able to support the 
voltage at its point of connection. The line impedance and loading level 
determine the curvature of the voltage profile. This level of compensation 
however required a voltage-ampere (V A) of 1.4 per unit to achieve the 
profiles shown in Figure 11.9. This is a significant fraction of the total line 
rating and would not appear to be a cost effective voltage control solution. 

Series Reactive Compensation: The series compensation of high voltage 
transmission lines to reduce reactive impedance and thus increase transfer 
capacity has been discussed in several references [13] to [17]. The major 
concern for series compensation has been to 

- avoid subsynchronous resonance [13,14,17], 
be able to adjust the level of compensation and 

- provide protection for the capacitive element. 

For distribution lines, some series capacitive compensation can be 
beneficial but the last two aspects mentioned above remain. At peak load 
there is a high reactive demand and voltage control is achieved through use 
of a large admittance of shunt capacitive compensation. For series 
capacitance the rise of current with load will intrinsically cause the required 
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reactive power vanatton with loading. This use of series capacitance to 
cancel a portion of the line reactance is effective for HV lines but when the 
line resistance is a signifi~ant component of the line voltage drop, the line 
drop correction will be strongly load power factor dependant. For long lines 
at light load the line capacitance can be sufficient to cause a significant 
voltage rise which is known as Ferranti effect. To correct for this voltage 
rise, the line requires additional inductive reactance. For some lines, this 
may be supplied by switched shunt reactors. This variation in reactive 
requirements means that fixed series capacitors will rarely be a complete 
voltage control solution. 
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Figure 11.9. Voltage profiles for varying location of shunt reactive compensation 

The line compensation variation could be achieved with switched series 
elements. For example a circuit breaker could be used to bypass the series 
capacitor. The main difficulty with a circuit breaker solution is that the 
regular switching to follow the daily load cycle can be an onerous duty on 
the circuit breaker which may lead to reduced life. Another issue is that 
unless precise point-on-wave switching is used there can be significant 
switching transient, which require a series reactance to limit the peak 
switching current. 

The issue of protection also needs to be addressed. At full load operation 
(i.e., 1.0 per unit current) the voltage across a series capacitor may be less 
than 5%. For a solid fault on the line the current can easily reach 20 per unit. 
In this case the voltage across the capacitor can be close to 1.0 per unit and 
may reach higher under resonant conditions. Thus a capacitor designed to 
compensate a feeder load with a V A of 1.0 per unit would normally have a 
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V A rating of 0.05 per unit but would experience 20 times that during a fault. 
It would not be economic to provide this level of voltage rating for the 
capacitor so a voltage limiting protection is required. This can be achieved 
with a combination of surge arrestors, spark gaps providing high-speed 
protection and a slower acting bypass switch to more permanently remove 
the series element from service. 

Inverter Based Series Compensation: Inverters can be used to create a 
variable reactive element in shunt or with transformer coupling can be used 
in series with the line. The structure of this compensation is the same as for 
the DVR discussed in Chapter 9. While the inverter can have fast control of 
the reactive value and does not necessarily suffer from inrush current, issues 
of external protection are almost the same as for fixed capacitors. The 
voltage sensitivity of power electronic switches is typically higher than that 
of passive capacitors and may place tighter requirements on the design of the 
surge arrestor/spark gap protection design. The voltage reduction for the 
inverter can be easily achieved under fault conditions by placing the inverter 
into a zero voltage condition but the main switches are will carry fault 
current until external protection operates. 

Line Compensation Performance: The reactive series compensator 
would not be expected to be as beneficial as in transmission applications 
because there is a much higher resistive voltage drop of the distribution line 
to compensate. 

There are 20 nodes in the model line each sharing the load of 2.0 per unit. 
The series capacitor was inserted at each node in turn, yielding the line 
voltage profile in Figures 11.10 and 11.11. The reactive support of the line is 
clear in that the droop up to the injection point is reduced. At the capacitor 
itself there is a voltage step which depends strongly on the power factor of 
the load. The V A of the element reduces along the line length as the current 
reduces. In this case the capacitor impedance was 0.5 per unit. This rating 
applied at the best profile point at 40% of the line required a VA rating for 
this series compensation of 0.35 but still did not provide a satisfactory 
solution to the line voltage profile for this single compensator. 

If a series inverter were used to implement this series compensation the 
control based on the downstream voltage could respond rapidly to 
compensate for load changes which would otherwise tend to create voltage 
dips but the effectiveness of maintaining the profile with pure reactive series 
compensation is questionable. 

Series Real Injection: Another option is the use of series real power 
injection. Consider the series insertion of a voltage in phase with current as 
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shown in Figure 11.12. The power must come from somewhere and the 
simplest way is to provide it from a shunt element which draws current in 
phase with the line to neutral voltage. 
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Figure 11.10. Series Capacitor at varied locations be = 2 load pf = 0.8 lag 
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Figure 11.11. Series Capacitor at varied locations be = 2 load pf= 1.0 

With respect to Figure 11.12, the output (side-B) voltage satisfies 

(11.16) 
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Figure 11.12. Series compensation with real power 
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where VA is the side-A voltage and /).V is the injected voltage. Similarly the 
currents satisfy 

(1l.17) 

and for power balance we have 

VAIA =VsIs 

vAl s + M) = (VA + /).V)I s 
(1l.18) 

Ifwe require /).V= aVA, then 

(1l.19) 

The above equation yields 

(ll.20) 

This becomes the standard transformer equation. For other power factors 
the shunt and series elements can generate the required reactive injections 
but the fundamental relations remain that the series real power injection with 
shunt power draw to compensate is equivalent to a transformer without 
isolation. Controlled series real power injection is equivalent to tap changer 
operation. For this analysis it is assumed that inverters with shunt and series 
elements are equivalent to tap changers apart from the speed of response and 
the lack of automatic control of reactive power. For a high resistance line 
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under heavy load, a set of tap changers has the potential to provide a good 
voltage profile. 

The tap changers can operate independently to step towards making the 
downstream voltage close to the target of 1.0 per unit voltage. The curve in 
Figure 11.13 shows the initial voltage changing in a series of steps to make 
the downstream voltages close to 1.0 per unit. For this load however the cost 
is a significant suppression of upstream voltage. Part of the difficulty can be 
the transmission of reactive power so we next consider a shunt reactive 
element in combination with the tap changers. 
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Figure 11.13. Two Tap Changers 
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Combined Tap Changer and Shunt Reactive Compensation: The tap 
changer can be combined with a shunt capacitance. Here the shunt capacitor 
is only switched when the tap changer is above nominal tap. The profile in 
Figure 11.14 shows the excursion limited to 0.05 per unit voltage once the 
tapping has finished converging. The line profile without compensation is 
seen drooping to a voltage of 0.77 per unit. The VA required for this 
performance is 1.4 per unit. 

The maximum deviation from 1.0 per unit is now just above 5% but the 
shunt reactive component is excessive. The other reactive option is series 
reactive compensation in combination with a tap changer. A more precise 
compensation is possible if the level of shunt reactive injection is 
proportional to an amount above nominal tap. The performance is shown in 
Figure 11.15. The combined VA for this compensations is 1.2 per unit. 
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Voltage profile add shunt cap for low V 
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Figure 11.14. Fixed shunt capacitors at tap changers 

Voltage profile variable shun! capacitor 
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Figure 11.15. Proportional shunt reactive at Tap changers 
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Combined Tap Changer and Series Reactive Compensation: The 
inclusion of capacitance with the tap changer itself is easier and requires 
lower rating when used in series. The profile in Figure 11.16 was obtained 
with a total VA of 0.316 per unit. The inserted impedances were 0.2 and 
0.135 per unit while the currents during the tapping convergence can be seen 
in Figure 11.17. The current magnitudes increase as the load voltage is 
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raised at the tap changers in Figure 11.17. The voltage step here was 0.15 per 
unit and converged in 12 steps of iteration. 

Vollage profile for varying location of tap changer 
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Figure 11.16. Variable series reactive combined with Tap Changers 
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Figure 11.17. Current at tap changer with series reactance 

In summary the tap changer with variable series reactive compensation, 
which increased with the tap position, provides a satisfactory profile with a 
much lower investment in reactive elements. The heavy load case is not the 
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only way that voltage problems arise on distribution lines particularly those 
of 100 km or more. 

11.5.3 Case-2: Light Load 

The lightly loaded line can have significant rises in voltage due to the 
Ferranti effect. When the line capacitive admittance was kept at 0.2 per unit 
total and the load admittance was kept at 0.002 per unit, the tap changer 
control achieved the voltage profile shown in Figure 11.18. 

Voltage profile for varying location of tap changer 
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Figure II. 18. Tap changer for I ight load 

11.6 Real Generation 

20 

The examples to date required no net injection of energy. For a rural line 
a single shunt generator towards the end of the I ine can create an acceptable 
voltage profile. This indicates that shunt reactive power or Distributed 
Generation can be a very effective means of voltage control on heavily 
loaded distribution lines requiring injection at a single point for 
compensation while for the best alternative three tap changer locations with 
reactive capacity were required. Fig 11.19 shows the case of total load 
admittance of 2.0 per unit with generation at 30 degrees leading. 

11.7 Protection Issues for Distributed Generation 

One of the objections to the inclusion of generation within the 
distribution network is the potential for adverse impact on the line 
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protection. For generation added to the transmission network, distance 
protection schemes or unit protection may be used. Distance protection 
observes the apparent impedance along the line and infers the location of any 
fault from this value knowing the line impedance per unit distance; if the 
fault is observed in the line section to be protected then the distance 
protection unit initiates the opening of the circuit breakers. The distribution 
network has loads connected along the line sections and the inference of 
fault location from apparent impedance is more prone to error. Unit 
protection measures the current into and out of a protected element and the 
difference in current is an indication of fault current. For distribution lines 
the difference of currents in a line section is due to loads as well as potential 
faults . However the main issue is that unit protection requires a secure 
communication scheme to permit line current differencing. This additional 
cost of communication generally makes it unattractive for distribution use. 

Shunt 
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o 5 10 

Posulon 
15 

Figure 11./9. Shunt real generation 

20 

The DG itself will monitor its current and trips on overcurrent. If the fault 
is close to a low impedance DG, the line protection may not detect the fault 
until the DG has tripped since most of the fault current may be supplied from 
it. This hiding of the effect of faults can delay the response of the main 
protection and interfere with the provision of backup protection. 

Another aspect of concern is the detectability of high impedance faults. 
When part of the fault current is supplied by the DG and part by the main 
line the presence of the DG will raise the fault current that can go 
undetected. This may not always cause particular problems depending on the 
nature of high impedance faults that are of concern. For many rural lines, the 
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detection of fault current of a downed conduction is a significant concern. 
For sandy soils the fault current can be quite low. Fortunately it has been 
found that the arc voltage often limits the voltage at the faulted point. A 
constant voltage characteristic of this type of high impedance fault implies 
that low rated DG does not interfere with fault detection capability [18] 

11.8 Technologies for Distributed Generation 

There are many possibilities for distributed generation which tends to be 
defined in terms of the size of the generator being less than 1 MW or in 
terms of its connection to the distribution system. The main demand is for 

- Small photovoltaic or wind power for residential or small office 
applications. 

- Micro turbines and fuel cells tend to be a little larger than required for 
single residential appl ications but can serve small industrial sites or 
apartment buildings. 

- Larger size generation can come from microhydro or larger wind. 

The technologies, which inherently produce dc such as photovoltaics and 
fuel cells, need an inverter interface. Microturbines operate at a much higher 
frequency than mains and require a power electronic interface. Micro hydro 
and wind have been generally interfaced using induction generators or 
synchronous machines. With larger wind machines the difficulties of 
operating an induction generator into a weak grid as well as improved 
efficiency have led to a rise in inverter interfaced wind generation. 

11.9 Power Quality Impact from Different DG Types 

In general inverters can be used to strengthen the voltage of a weak 
supply in the manner discussed in earlier chapters. Induction and 
synchronous machines can act as points or voltage supply and at least for 
short transients can strengthen the supply and reduce the effects of voltage 
dips or harmonics. The induction generator however can be defluxed by a 
short circuit near its terminals and this results in increasing of the duration of 
a fault. 

Another impact on power quality for the use of distributed generation can 
come from fluctuations in the real power supplied from wind or the sudden 
changes of output from a solar cell. For an induction generator interface to a 
wind generator, gusty wind can produce significant power fluctuations and 
corresponding variations in the local voltage. When inverters are used in the 
interface, the reactive power control can help to reduce the effect of real 
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power fluctuations and help in maintaining the local voltage. For a long 
feeder the voltage magnitude of the two ends may be well controlled but 
significant power fluctuations will give rise to voltage magnitude and angle 
fluctuations for customers along the feeder. Thus power quality can be 
significantly enhanced through the use of inverter interfaces but the effects 
of wind fluctuations on the flicker for some situations cannot be fully 
corrected. 

Example 11.1: Let us consider a wind generator at the end of a line of 
impedancejO.2 per unit with random variation in wind power around 1.0 per 
unit. 

Induction Generator: The induction generator form of connection can 
use the rotor inertia to somewhat smooth the variations of power in a gusty 
wind. The motor parameters used for this example in per unit are rp = 0.02, 
xp =0.1 as primary and r" =0.02 and x" =0.1 as secondary, while the 
magnetizing admittance is assumed to be zero. Because the power depends 
on the cube of wind speed, the peak of the power can vary significantly. The 
lagging power factor means that as the power level increases, the rotor 
accelerates and then provides a new level of output power. The two curves in 
Figure 11.20 below show that the exported power can still have significant 
variations. 

Power 

TIME 

Figure 11.20. Variation in Power from induction generation 

The terminal voltage falls as the export power rises and this can give 
flicker to the customers connected in proximity to this wind generator. This 
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is shown in Figure 11.21. Overall there will be a significant range of loading 
on the feeder giving a substantial variation in voltage level. The histogram of 
the voltage level emphasises this degree of variation in voltage. The 
histogram is shown in Figure 11.22. 
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Figure 11.21. Variation in terminal voltage using induction generator 
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Figure 11.22. Histogram of connection point voltage for induction generator 

Inverter at Unity Power Factor: An inverter does not have the luxury 
of significant energy storage so there is a significant variation in the 
exported power to maintain the DC bus voltage in reasonable limits. In 
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Figure 11.23 the variation in export power is almost as large as the variation 
in wind power. The inverter is current controlled such that the power export 
is unity at the point of connection. The export level rises an this also gives 
rise to a voltage drop. As seen in Figure 11.24 (a), this gives a significant 
variation in terminal voltage. 
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Figure 11.23. Variation in export power from inverter 

Figure 11.24. Histogram of connection point voltage for current injection (a) unity power 

factor (b) controlled power factor 

Inverter with PI Controlled Power Factor: The best means to correct 
for voltage variations are to a have fast correction of the reactive power to 
match the changes in real power. This control uses a PI controller on reactive 
power with a feed forward term based on wind power levels. This is shown in 
Figure 11.24(b) 
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11.10 Conclusions 

The benefits of inverter connected DG on feeder performance can be 
significant in reducing the voltage variations on the feeder. It can also be 
used for peak lopping so that line upgrades to meet a rising peak demand can 
be met. This mode of operation requires the DG to operate by delivering real 
power at times of peak loading for that particular line. For the remainder of 
the time, reactive control of the inverter can be used to control voltage and 
reduce voltage dips on the line. 

A market-oriented connection of DG will seek to maximize generation 
for periods where the pool price may be high. The local network is just a 
highway to deliver the energy to customers somewhere who are willing to 
pay a higher price for the energy. 

A combined position may be desirable where payment to the generator 
can come from benefits supplied to the network operator as well as payments 
from the energy market. Generation must be able to be guaranteed during 
times of heavy feeder loading if there is to be a benefit from deferral of line 
capacity upgrades. At other times the reactive capacity may be of benefit to 
the network but real generation levels will be in response to market prices 
for energy. This combination of benefit can lead to a greater number of sites 
where distributed generation is economically attractive. 

The use of inverters can be of distinct benefit to network operation. 
When there is a strong benefit, methods need to be found such that 
distributed generation is encouraged to establish in regions of the network of 
greatest benefit. Voltage control, dip reduction and harmonic reduction are 
the power quality benefits that can be gained without excessive compromise 
of generation that is primarily built to supply an energy market. 
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Chapter 12 

Future Directions and Opportunities for Power 
Quality Enhancement 

There are many developing aspects to the production and delivery of 
energy. The increased role for power quality will drive an increasing use of 
compensating devices either as stand alone or in combination with energy 
delivery. This chapter will explore some of these emerging aspects in the 
existing system and speculate on the future shape of the delivery and the role 
of compensators. 

12.1 Power Quality Sensitivity 

There is much evidence that power quality can be of significant 
importance particularly to industrial customers. The cost to US industry of 
voltage dips is estimated to be US$10 billion per year. The cost of a single 
severe voltage dip to one semiconductor manufacturer in Singapore is 
estimated to be Sigapore$l million per event. There have been a number of 
surveys to identify the customer perceived cost. The advantage of 
quantifying the cost to customers is important to determine the level of 
investment that is appropriate to correct supply quality complaints or to price 
a premium quality tariff for selected customers. Another motivation is to 
understand and to help customers understand what is a realistic level of 
supply quality without major tariff changes. There have been many papers 
aiming to quantify the level of quality actually occurring and the costs to 
various classes of customers [1-6]. 

The areas of industry reported as having high sensitivity to quality are 
listed in Table 12.1. Examples of why some of these processes are 
particularly sensitive to voltage dips are 
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Table 12.1. Highly sensitive industries 
Continuous Complex 
process machines parts 
industries 
Paper, fiber 
and textile, 
plastics, metals 
etc. 

Large pump 
forging, 
automotive parts 
etc. 

High Technology 
Products 

Data processing 
centers, banks, 
telecommunications, 
broadcasting etc. 

Chapter 12 

Safety and security related 
industries 

Hazardous processes, 
chemical processing, 
hospitals and health care 
facilities, military 
installations, Power plant 
auxiliaries etc. 

Paper mills: Dip causes speed changes, at a normal speed to 20 m/sec 
even small differences can break the web and require a plant restart. 
Textile mills: Major flaws in the pattern and loss of production. 
Steel rolling mills: speed differences in a chain of rollers, wire, strip or 
bar can cause the product to buckle and end as a twisted wreck on the 
mill floor. 
Petrochemicals: Loss of process and process contamination requiring 
purging. 
Wafer fabrication: Loss of process resulting in scrap, resetting and 
startup. 

The depth and duration of a dip can have different effects on different 
equipment. Examples of recorded events which have caused equipment 
malfunction are listed in Table 12.2 [1-3]. 

Table 12.2. Examples of dips causing malfunction 
Equipment Voltage remaining Duration of dip (ms) 
Photoelectric emergency stop 78% 21 
Undervoltage relay 67% 18 
Personal computer 60% 160 
PLC 59% 400 

12.1.1 Costs of Power Quality 

There have been many surveys of different groups of customers in 
different countries on the cost of interruption. Such costs reported from 
Finland for the year 2001 are given in Table 12.3 [1]. 

The surveys indicated that for more than 50% of customers there were no 
economic losses while 1-2% reported extremely high losses i.e. 20,000-
70,000 Euros per event. To avoid overestimation the loss levels were 
thresholded to 20,000 Euros. The resulting costs for a deep sag are shown in 
Table 12.4. 
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Table 12.3. Costs of Power Quality in Finland 

Customer Category Type of event Cost per event (Euros) 

Domestic Short interruption 
Agricultural Short interruption 
Industrial Voltage sag of 50% for 200 ms 1200 

Commercial Short interruption 210 

Public Short interruption 280 

Table 12.4. Costs of sag in Finland 

Customer Category Cost per sag (Euros) 

Domestic I 

Agricultural 

Industrial 1060 

Commercial 170 

Public 130 

Overall when the frequency of interruption to each class of customers 
was considered, the industrial sector showed the overall greatest total losses 
while some of the rural customers showed high losses due to the very high 
frequency of sags in that rural area. 

In Canada a survey [4] of the effect of the duration of interruption for 
industrial and commercial customers showed a significant initial cost rising 
with duration. Typical cost data are given in Table 12.5. Note that this cost 
of interruption is normalized in terms of the annual energy consumption, so 
the data indicates that one 8 hour interruption has a normalized cost equal to 
C$O.25 while the normalized cost for energy over the year may be C$O.1 O. 

Table 12.5. Cost of interruption in Canadian$/k Whr 

Customer type 
Duration of interruption 

I min 20 min 4 hr 8 hr 

Industrial 0.0003 0.0015 0.003 0.25 

Commercial 0.0001 0.0015 0.003 0.15 

The above survey did not have a strong response in the government 
institutions and office buildings GIO sector. A later survey [5] showed the 
following relationship shown in Table 12.6. The normalized cost $/kW 
refers to the cost of this interruption peak annual demand; thus a customer 
with a peak demand of I MW would have an average cost for a 4 hour 
interruption of $21.36M. 

A US survey of large customers was made detailing the aspect of the 
business where the lost costs were incurred [6]. This is shown in Table 12.7. 
Studies of this type can be used to quantify the effect of outages on 
customers and in a service mode, quantify the appropriate level of 
investment for mitigation. For more market driven arrangements it provides 
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a basis for negotiation on the power quality service component of supply 
contracts. 

Table 12.6. Cost of interruption in government and office sector in Canadian$ 

Interruption Average cost A verage cost A verage cost 
duration per customer consumption - demand -

per interruption normalized $/kWhr normalized $/kW 
2 s 147.7 0.000352 1.6586 

20 min 469.9 0.001097 3.2655 
1 hr 1067.9 0.002687 7.2297 
4 hr 3764.1 0.009372 21.365 

Table 12.7. Cost of power quality for large customers in US$ 

Scenario Costs 

4 hour outage without notice 74835 
1 hour outage without notice 39459 

1 hour outage with notice 22973 

Voltage sag 7694 
Momentary outage 11027 

12.1.2 Mitigation of Power Quality Impacts from Sags 

A voltage dip is initiated by faults on the supply lines or in customer 
premises. Its depth and duration determine the effect of a voltage dip. The 
fault impedance, line impedance and source impedance determine the level 
of a voltage dip. Changing source impedance to faults can reduce dip level. 
Over 70% of faults are single line to ground faults. The dips caused by these 
can be reduced by increase of the zero sequence impedance of the source. 
Inclusion of a reactor or resistor in the neutral leg of distribution 
transformers can increase this zero sequence impedance. Other fast acting 
controls can insert additional impedances for the duration of the fault. One 
side benefit of limiting fault current is that it increases the chances that the 
arc of the fault will self extinguish without a circuit breaker having to be 
opened. There is a limit to the impedance that can be included in the neutral 
leg because of safety concerns about step and touch potential as a very high 
impedance will cause voltages in the proximity of the fault to rise 
significantly. 

The duration of the dip is determined by the response of the protection 
system. For a fuse we often have a protection rating given as K = it which 
means that as the fault current rises, the time for the fuse to break falls. For 
circuit breakers a similar characteristic is employed often with a definite 
minimum time to operate enabling a better design of grading so that only the 
breaker closest to the fault opens even when breakers further up line see the 
same fault current. In terms of improving power quality the issue is to reduce 
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the operating time of the breakers as much as possible consistent with 
retaining the grading against upstream protection. With modern digital 
protection the uncertainties of operate times are reduced so the 
safety/uncertainty margins that have been traditionally used in grading can 
often be reduced. 

Scottish Power was looking to improve its quality of supply to improve 
its ability to attract sensitive industrial customers to preferentially choose to 
set up in their area. The method it chose to improve the voltage sag figures 
was through careful tuning of the protection settings to reduce the duration 
of dips [7]. 

The success of the program can be seen in Figures 12.1 and 12.2 that 
show a dramatic reduction in the duration of faults particularly in the long 
duration region. The records showed no fault longer then 400 ms after the 
retuning of the protection grading. The retained voltage during the fault is 
shown in the legend. 
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Figure 12.1. Voltage Dip pattern before retuning 

12.2 Utility Based Versus Customer Based Correction 

One principle in dividing responsibility for fixing a problem is to apply 
the issue of fault; if someone causes a problem then the responsibility for 
correction of the problem should lie with the originator. For many of the 
power quality problems the cause can be diffuse and hard to lay at the feet of 
anyone customer. In that case another principle is to pass the responsibility 
to those in the best position to provide a solution. Let us examine the 
application of these principles to different power quality problems. 
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Figure J 2.2. Voltage Dip pattern after retuning 

12.2.1 Dips and Outages 

One viewpoint of power quality is that "if I am buying a product and it 
does not perform to my needs I should complain to the manufacturer." In 
this vein all power quality disturbances are the fault of the utility and the 
utility should correct them. For domestic customers one of the strongest 
complaints is often the requirement to reset ten or more clocks in appliances, 
stereos, microwaves etc. following a 2 second outages. At another level is 
the work that is lost with the tripping of the home computer when a 
moderate voltage dip is experienced. Another pathway for complaints on 
power quality is the fax machines which print a record of voltage dips. Thus 
the quality of supply has not changed, but the customers are now more aware 
of any deficiencies in supply. 

The network solution to these problems for residential customers may be 
to have multiple supplies to each domestic transformer with a battery energy 
storage system with inverter to handle the change over. The customer 
solution may be to purchase appliances with battery backup to maintain the 
auxiliary functions such as time and status during outages, to install a small 
UPS on the computer to permit a graceful shutdown. This customer solution 
would address the short outages which cover 90% of the complaints. 

In an industrial area the needs for security of supply may have most of 
the customers purchasing back-up generators sized for the maximum 
possible demand. These customers would also need UPS for each of the 
critical loads such as computers and line process control. The network 
solution may be to provide alternative sources of supply as well as backup 
generation for a group of customers. There could also be a provision of 
protected supply for critical loads. 
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For the domestic customers there is little preparedness to pay extra for 
improved quality of supply which could avoid the longer term outages. The 
network solution for small outages may be much more expensive than local 
solutions. One of the difficulties is that issues of robustness of appliances to 
power quality are not commonly on the mind when purchasing. Information 
on whether your new washing machine is dip sensitive is not always readily 
available at the store when the attention is often on price. In Australia 
attention is drawn to energy efficiency by a star rating system. Each of the 
refrigerators has a clear label of one to five stars depending on the energy 
efficiency compared to others in the same category. A star system for supply 
robustness may be of high value to a customer in a rural area experiencing 
frequent voltage dips but of low value to a person living in the CBD of a city 
experiencing one significant dip event per year. One of the significant causes 
of dips in residential premises is the DOL (direct on line) starting of air 
conditioners when there is a shared transformer for several customers. The 
high currents that can be experienced during starting can cause a significant 
voltage dip through the low voltage lines and transformer. This dip will then 
affect the appliances in neighboring properties. Development of tight 
standards for peak starting current may require the use of variable speed 
drives which avoid the severe starting requirements. One positive side effect 
of the variable speed drive solution would be the improvement in the options 
for demand side management. 

Following from the Californian supply crisis in 1999-200 I or from local 
experience of the cost of loss of supply more businesses may be prepared to 
put a cost to the quality and reliability of supply. This awareness of value 
will then create a market for improved performance which can be made 
more cost effectively in a custom power park with a shared form of quality 
solution than with each business providing its own solution. 

12.2.2 Harmonic, Flicker and Voltage Spikes 

When there are specific identifiable harmonic sources then the best 
solution is to require suppression at the source at the cost of the owner. 
When there is a broad rise in the level of harmonics without a well identified 
source the decision on a solution will depend on the impact. When there is 
little identifiable rise in interference with operation of customer equipment 
the utility may not see justification in installation of compensation 
equipment. In the presence of legislation requiring limited harmonic levels 
or where there are significant widespread identified impacts on customer 
equipment the responsibility falls to the utility to find a solution such as a 
filter or compensator. 
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When the impact is limited to a few specific items of equipment the cost
effective solution may be to reduce the sensitivity of that specific equipment 
through filters or active compensators. Major problems with flicker are often 
easily associated with particular sources and responsibility identified. 
Correction of flicker at each customer premises would not be expected to be 
cost-effective and a source or network solution would be required. 

Voltage spikes often arise from faults on the supply network from 
lightning strikes, line switching or high voltage lines falling on low voltage 
lines. All these aspects would be best addressed by the network company. 

12.3 Power Quality Contribution to the Network from 
Customer Owned Equipment 

When electricity distribution companies own compensators, there is a 
clear role for the use of the compensator in reactive support, voltage dip and 
harmonic correction. Inverter connection for customer equipment is required 
for interfacing of uninterruptible Power Supplies, and distributed generation 
options such as microturbines and fuel cells. In most of these cases the main 
justification for the installation of the inverter was for low harmonic transfer 
of real power. The real power requirement can frequently be much less than 
the inverter rating which makes the excess capacity of the inverter 
potentially available for grid support and power quality enhancement. For 
example if an inverter of rating 50 kW is available but the customer real 
power transfer needs at one time are 30 kW then up to 40 kVAr is potentially 
available for grid support. 

12.3.1 Issues 

There are a number of issues that come into play associated with grid 
support issues using customer equipment. 

1. There needs to be sufficient economic incentive for customers to agree to 
grid friendly controls which do not interfere with their own real power 
needs. 

2. Voltage support controls are a decentralized form of grid friendly 
connection, but have the potential for interaction with other inverters in 
close proximity. 

3. Voltage dip support can be valuable but should not interfere with the 
main feeder protection. 

4. For transformer connected inverters, the transformer impedance should 
be carefully considered to determine the value of grid friendly connection 
to the network. 
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12.3.2 Addressing the Barriers to Customer Owned Grid Friendly 
Inverters 
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The main methods to tackle the adoption of a grid friendly inverter 
standard are to enable differential tariffs in regulated markets or a 
preferential connection agreement for more open markets. To be truly 
reflective of benefits the grid friendly benefit would need to be tailored to 
the locality and presence of needs for support or correction. When customers 
are aware of the incentives and are seeking compliant inverter systems then 
there will be benefits to manufacturers who offer equipment, which meets 
the grid friendly requirements. When these connection standards are agreed 
upon across regional and national boundaries through standards, there will 
be a healthier marker for compliant equipment. 

12.4 Interconnection Standards 

Connection of photovoltaic inverters is one area most advanced for 
general connection of inverters to the grid. Most of these standards aim at 
avoiding the worse potential of inverter impact on the grid through the 
limiting of harmonic injection and power factor limits. These standards also 
address the issue of inverter disconnection when the feeder supply IS 

removed to avoid the possibility of islanding operation. 
Grid friendly connection refers to inverter connections which aim at 

fundamental voltage support, transient suppression and harmonic correction. 
One method to encourage the adoption of grid friendly controls is through 
tariff structures. In regions where there is potential for a utility to avoid the 
costs of network reinforcement through operation of customer inverters, an 
agreement on what would be of benefit to a utility needs to be broadly 
defined to operate without significant manual intervention from customers. 
The voltage support should be built into the equipment and a special 
connection rate applied if the equipment meets the grid support standards. 
Issues to be defined would be the degree of correction of dips supplied 
compared with the nominal equipment rating. Decisions would need to be 
made to reward availability or to reward actual performance. One option is 
to give a tariff rebate if an inverter model, which provides reactive support 
up to the level of kVA rating beyond real power requirements, is available. 
The other approach would be to record reactive support correlation with 
system need. The first mentioned approach of having the equipment 
available may be preferable for many smaller sized units. The monitoring 
approach would be expected at the much larger commercial support contract. 
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12.5 Power Quality Performance Requirements and 
Validation 

In this section we highlight the requirements of the different customers 
and the regulator requirements to meet the customer demands. 

12.5.1 Commercial Customers 

When purchasing a product such as premium power, the customer needs 
to know that he is getting what he has paid for. If the utility provides 
alternative supply connections and backup generators to create a superior 
quality of supply then marketing of that product required quantification of 
the resulting performance. 

Even standard connection agreements may include penalties for 
performance at less than defined quality of supply. This type of agreement 
would then form a basis of when a utility should invest in particular 
improvements which address quality of supply. These agreements are 
becoming more common where there is a competitive supply market. In UK 
which has been offering choice of supplier for over 10 years, the quality of 
supply and the time of day costing of that supply become subject to detailed 
agreements. 

In many markets commercial customers need to have a recording meter 
to relate to the power used and the time of day so the actual usage can be 
compared with what was agreed and costing applied. These same meters are 
increasingly including dip and outage monitoring. Typically the recording 
will show when and for how long the voltage has fallen below a threshold 
such as 85%. 

12.5.2 Regulator Requirements 

Smaller and residential customers are not presumed to have a strong 
individual negotiating position with respect to quality of supply. The 
collective interest is often protected by a regulator who defines the minimum 
standards for performance. These standards initially focused on speed of 
response to complaints or connection requests. Performance standards in the 
area of power quality are becoming stronger in some jurisdictions. The basic 
level of performance reporting are acceptable levels of 

- SAlOl system average interruption duration index 
- SAIFI system average interruption frequency index 
- CAIDI customer average interruption 
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Specific minimum performance on these indicators can be required on 
average across the network or could be specified as a minimum for every 
feeder. 

The biggest influence of the average minutes lost per customer per year 
can initially come from addressing planned outages and doing more live line 
maintenance. Eventually the response to unplanned outages needs to be 
addressed. In this area more repair crews help but network automation is 
finding a stronger role in automatically reconfiguring a network to isolate a 
faulted section and restore supply. 

Dips and momentary outages are aspects that are being specified in a 
limited number of regulation areas. As the technology to report on quality 
performance develops, there will be greater adoption of performance 
specification by regulators. The first level of reporting would be on some 
level of system average dip and outage performance. The issues that arise are 
that good monitors are very expensive so very large numbers of 
measurements would not be feasible. There are monitors as part of metering 
of commercial customers but these need not represent the customer average 
performance of the network. Issues to be addressed then are to develop a 
sampling strategy which would adequately represent the performance of all 
customers to a defined accuracy. 

12.5.3 An Example 

One case where a service quality agreement was reported was in [8]. In 
1995 Detroit Edison entered into a 10-year agreement with several auto 
manufacturers. Power quality levels were a portion of the agreement because 
of concerns that a captive customer may not receive fast response to outages 
from the utility. The total number of outages over a number of sites was 
defined and a payment for exceeding the defined outage rate set roughly at 
the cost to that section of the manufacturing process of the outage. The 
payment ranged from $2000 to $297000. The target outage rate was agreed 
upon to reduce by 5% per year. The performance of the supply initially did 
not meet the target and payments were made to the customers. The 
advantage of the defined cost of quality was that projects to improve quality 
now had specific drivers and could be solidly justified. The approaches were 
by additional maintenance on specific lines, replacement of problem 
equipment and installation of animal deterrents. Additionally a "best-feed" 
operating configuration was implemented where one of two services served 
the entire load while the other was used as hot standby to reduce 
interruptions. In one site a static transfer switch was used to reduce sags to 
0.25 sec. 
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Overall this concentration of effort led to a 60% decline in penalty 
payments over the first 5 years. A voltage sag penalty payment was 
introduced in 1998 and to manage the risk a greater detail of knowledge of 
system performance was required. 

12.6 Shape of Energy Delivery 

For large commercial customers it is likely that they stick to core 
business and leave large scale energy supply to specialist companies. These 
supplies are currently provided from fossil fuel such as coal, gas and nuclear 
with some contributions from hydro wind and other renewables. As the 
pressure for environmental responsibility for greenhouse gasses rises and the 
trend against nuclear cor.tinues there will be increasing pressure for 
generation from renewable sources. These trends will not dramatically 
change the large generation and transmission process currently employed. 
The main pressure in these cases will be for improved power quality where 
this has a significant effect on business efficiency. This increase in power 
quality will only be achieved by careful consideration of network faults and 
the use of power electronics to avoid or correct the fault. 

For residential and small business customers there is the potential for a 
rise in the use offuel cells and local photovoltaics. Unless there is a dramatic 
change in the costs of energy storage, good reliability will be achieved only 
by use of a local distribution system to share the energy. Power quality 
standards on these grid connection inverters will be even more important to 
avoid mUltiplication of distortion effects. In this case the control of power 
quality is likely to be addressed both at the energy source and potentially at 
the neighborhood energy storage center. 

Several energy players are seriously discussing moving to a hydrogen 
economy where wind and wave energy is converted to hydrogen and later 
used in fuel cells. Once again this will require use of inverter systems to 
provide the required ac waveform. DC reticulation over short distances such 
as within buildings may be used once the speed of power electronic 
controllers is able to handle the fault recovery. The usual difficulty with dc 
has been 

- DC is difficult to transform between voltage levels for efficient 
transmission 

- Arc faults on dc systems do not have natural current zero points where 
the arc is easily extinguished making protection much more difficult. 

The first issue of voltage changing of dc is easily handled at present for 
low power with switch mode supplies. No major breakthroughs appear likely 
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for handling hundreds of MW of dc transformations cost effectively. The 
current dc links are voltage transformed on the ac side and then controlled 
rectification and inversion applied. The second issue can be addressed by 
having the sources all drop rapidly to zero to extinguish the arc and then 
reconnect. The combination of these effects can mean that building level dc 
may become feasible but a total changeover for all lines is unlikely. 

Another choice is higher frequency ac. The usual objection is that line 
impedance is largely inductive and higher frequencies would just give larger 
voltage drops. Higher frequencies can be used in generation such as 
microturbines or in specialized loads but if we continue to use overhead lines 
there is little benefit in changing frequency apart from limited opportunity 
for a change in transformer size. 

12.7 Role of Compensators in Future Energy Delivery 

With the expected expansion of distributed generation the role of power 
quality enhancement could shift from dedicated hardware designed by the 
utility to address specific problems to one of general enhancement supplied 
by a wide base of connected customers. Here each of the distributed 
generation connection inverters can be encouraged to have grid enhancement 
features with most of the responses in reactive injection being in response to 
local difficulties. The use of real power to support network operational 
requirements would be a feature negotiated with customers. One mode of 
operation would be for the distribution utility to communicate to customers' 
equipment on a particular feeder of a need to reduce line overload. For an 
appropriate reward, some will respond by load reduction or deferral, others 
will have the capacity to respond by increased generation. 

Provided the economic conditions favor the development of distributed 
generation technologies the distribution system could be changing from a 
conduit for channeling power from large central generation to large number 
of passive customers. The new role would be focused on controlling the 
reliability and quality on behalf of a mix of customers many of whom have 
controllable real and reactive capacity. If this can be addressed well there 
should be greater robustness but having smaller regions continuing to 
operate even when faults have resulted in system segmentation. The power 
quality enhancements will come from faster fault isolation as well as from 
active response limiting the damaging fault current. Voltage dips and 
harmonics would have many converters operating to mitigate these effects. 
While much of this response would be automatic and localized, an overall 
control scheme would permit a cost effective response to exceptional system 
demands. 
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12.8 Conclusions 

There are real costs from poor power quality. The impacts differ 
significantly between customer classes and individuals. Market opportunities 
exist to retain customers or to sell premium grade power. To address these 
needs and to respond to expansion of distributed generation better inverter 
controls and integration with network operations are developing issues. The 
future shape of energy delivery will be more than the conventional pattern of 
large fossil fuel stations sending energy through graduated levels of lines but 
will become a more integrated system of multiple sources configured where 
it is possible to address power quality as well as energy delivery. 
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